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STUDY OF THE POLYMERIZATIONS OF 2,3-DIMETHYL-2-BUTENE, 
2,3-DIMETHYL-1-BUTENE AND 3,3-DIMETHYL-1-BUTENE AT 
PRESSURES UP TO 4000 ATM 


M. G. Gonikberg, V. M. Zhulin, V. T. Aleksanyan and Kh. E. Sterin 
(Presented by Academician B. A. Kazansky, October 1, 1956) 


In our previous paper [1] it was shown that high pressures increase the rate of polymerization of 2,3- 
dimethyl-2-butene very considerably. For example, at 300° and 200 atm some 20% of this olefin pol ymerizes 
in 50 hours, while at 23000 atm the whole of the monomer polymerized in 3 hours, 


The present paper deals with the study of the kinetics in the polymerization of 2,3-dimethyl-2-butene at 
high pressure, as well as with the properties and composition of the polymers obtained, The polymers of 2,3- 
dimethyl-1-butene and 3,3-dimethyl-1-butene were also studied, these being obtained under analogous conditions, 


The olefins used were redistilled in a rectifying column of 30 theoretical plate effectiveness immediately 
before the experiment, and had the following constants; .2,3-dimethyl 2-butene; B.p, 72,8—73.1° (760), 
0.7084, nf§ 1,4122; 2,3-dimethyl-1-butene: B.p. 55.2-65.3°(760), 0.6775, nf§ 1.3900; 3,3-dimethyl- 
1-butene; B.p. 41.0-41,.2° (760), d? 0.6530, nfy 1.3760, These values are close to those given in the literature [2], 


The experiments were carried out in lead ampules of 
capacity 14-15 ml, placed in a steel reaction vessel type 
40 Kh. The pressure was applied via oil and was measured 
with a spring gage reading up to 10000 kg/cm*, The tempera- 
ture in all experiments was 2904 2C, this being measured with 
a thermocouple inserted in the center of the reaction vessel 
via a long steel jacket. The duration of the experiment was 
taken to be the time from attaining the set temperature to 
switching off the electric heater around the reaction vessel. 
After the ampule had been opened the monomer fraction 
was distilled off from the reaction product via the rectifying 
column, the dimer and higher fractions being distilled off in 
vacuo from a Claisen flask. The polymer fractions were 
transparent liquids. 


2% hom Figure 1 gives the results from the experiments on the 
polymerization of 2,3-dimethyl-1-butene at 3660-3870 atm, 
r being from 2 to 32 hours, It is clear from a consideration 
Fig. 1. Polymerization of 2,3-dimethyl-2- of Figure 1 that the yield of the dimer fraction passes through 
butene at 290° C and 3660-3870 atm.; 1) a maximum when r is about 16 hours, which implies that 
total polymer yield 2) dimer fraction yield, the polymerization sane at least ” part, in a stepwise 
fashion, via the intermediate formation of the dimer. Special 
experiments showed that the dimer fraction can in fact polymerize further. Under the conditions studied the 
mean degree of polymerization n is small (polymerization of 2,3-dimethyl-2-butene at 290°, r = 6 hours): 


x 
x 

7 
20 
153 as 


P Polymer Yield 
atm. as Rot Product n 


9.1 2.3 
2700 11.7 2.3 


2.5 


It was found that 2,3-dimethyl-1-butene was present in the main monomer fraction distilled off from the products 
of polymerization with 2,3-dimethyl-2-butene (this being found from the Raman spectrum); no structural iso- 
mers of 2,3-dimethyl-2-butene were found. See below for the composition of the dimer fractions. 


TABLE 1 


Polymerization of 2,3-Dimethyl-2-butene, 2,3-Dimethyl-1-butene 
and 3,3-Dimethyl-1-butene at 290°C 


Amount of | Fraction of 


starting product having 
t material re-| n > 3, as % of 
inhrs,| atm. jacted, as % | total polymer 
of the 
roduct 


2,3-dimethyl-2-butene 5 | 3700—3780 11.6 
Ditto 32 | 3740—3860 79.4 
2,3-dimethyl-1-butene 4 | 3410—3590 75.0 
3,3-dimethyl-1-butene 3 | 3500—3640 61.0 


| 
en 00 


Under the same conditions of temperature and pressure 2,3-dimethyl-1-butene and 3,3-dimethyl-1-butene 
polymerize considerably more rapidly than 2,3-dimethyl-2-butene and form polymers of higher molecular 
weight (Table 1). The properties of some fractions of the polymerizates from the three hexenes used which 
fall close together in molecular weight are given in Table2, The data of Table 2 show that the three poly- 
merizates which are closely similar as regards molecular weight derived from the three hexenes studied differ 
materially in properties from one another and from the product of ionic polymerization. 


Since 2,3-dimethyl i-butene was found to be present in the monomer fraction of the polymerization 
product from 2,3-dimethyl-2-butene, we carried out some experiments in which mixtures of these two olefins 
were polymerized. It was found that the addition of small amounts of 2,3-dimethyl-1-butene (about 4%) did 
not materially influence the rate of polymerization of 2,3-dimethyr2-butene. When both isomers were poly- 
merized in a 1;1 ratio under pressure 2,3-dimethyl2-butene reacted much faster, and 2,3-dimethyl-1-butene 
somewhat more slowly, than when the isomers were polymerized separately under the same conditions. This 
implies that copolymerization occurs, The refractive index and specific gravity of the dimer fraction from the 
polymerization of a mixture of 2,3-dimethyl-1-butene and 2,3-dimethyl-2-butene also show that this fraction 
is not a simple mixture of the corresponding fractions from polymerizates of the pure olefins (See Table 2). 
The difference between the properties of the dimer fraction from the polymerizate of 2,3-dimethyl 2-butene 
from those of the dimer fractions from polymerizates of 2,3-dimethyl-1-butene and the copolymerizate of the 
two olefins confirms the conclusion earlier drawn [1] that polymerization of 2,3-dimethyF2-butene does not 
involve the intermediate step ofits isomerization to 2,3-dimethyl-1-butene. 


We also studied the compositions of the dimer fractions from the three hexenes by Raman scattering. 
The methods used in taking the spectra and making the measurements have already been described [4]. 
In view of the fact that data on the spectra of the majority of the olefins CygHg4, cannot be found in the literature, 
we used the empirical rules discovered by Goubeau [5] when studying the dimer fractions, using the lines in the 
1640-1680 cm”! region first of all, According to Goubeau there is, for each of the olefins, one line in this spectral 
region of which the position depends on the nature of the substituent in the ethylene group. Our spectrometer 
enabled us to observe three lines in this regionin mixtures of olefins: these were at 1640-1645, 1650-1660 and 
1665-1680 cm’! . The first belongs to mono-substituted ethylene, the second to cis-and unsymmetrical disubsti- 


* The difference between the weights of the starting material and the product did not exceed 0.2 g (2%) 
in all the experiments, 


tuted ethylenes and the third to the trans-disubstituted, tri-substituted and tetra -substituted ethylenes. It was 
not always possible to deduce the olefin structures more exactly by using other lines. 


The results on the compositions of the dimer fractions, which in every case were mixtures of not less 
than ‘two olefins, are given in Table 3. 


TABLE 2 


Properties of the Polymer Fractions Obtained from 2,3-Dimethy] 2-Butene, 2,3-Dimethyl - 
1-Butene and 3,3-Dimethyl-1-Butene 


Polymer 


Bromine 
No, 


Dimer fraction from 2,3-dimethyl 
2-butene; 

Dimer fraction from 2,3-dimethyl 
1-butene 

Ditto 


0 
1st dimer fraction from 3,3-di- 0.7443 

methyl-1-butene 20 
2nd dimer fraction from 3,3-di- 0.7620 

methyl-1-butene 20 
Polymer fraction from 2,3-di- 0.8303 

methy!-2-butene 5) 
Polymer fraction from 2,3-di- ; 0.8232 
methyl-1-butene 
Polyiner fraction from 3,3-di- 0.8231 
methyl-1-butene 
Polymer fraction from 2,3-di- 0.8476 
methyl-C- butene 
Polymer fraction from 2,3-di- Residue a- 0.8470 
methyl-1~-butene bove 149€(5) 
Dimer fraction from the polymer-| 58—120 0.7997 
izate of a mixture of 2,3-dime-r (6) 
thyl-2-butene and 2,3-dimeth- 


Dinter nic poly: 70—110 
i 3-dimethy!-2- 


merization of 2, (100) 
butene [3] 

Dimer fraction from tonic poly- 70—111 
merization of 2,3-dimethyl=1- (100) 
butene [3] 


A consideration of the data given in Table 3 leads one to conclude that the polymerization processes in 
the three hexenes studied involve structural isomerization. In fact, if structural isomerization did not occur, 
it would be impossible to expect to get cis-dialkylethylenes from the polymerization of 2,3-dimethyl-2-butene; 
but in actual fact the cis-dialkylethylenes predominate in amount in the dimer fraction. It is not possible to 
explain this without assuming that the structure isomerizes, a monoalkyl ethylene being formed from 2,3-dimethyl- 
1-butene when it dimerizes, It might be supposed that the parent monomer first isomerizes, and that the structural 
isomer so formed later polymerizes and copolymerizes with the parent olefin. But the monomer fraction from 
the polymerizates of 2,3-dimethy+2-butene yields none of its structural isomers. This fact enables us to assume 
tht neither the parent compound nor radicals from the monaner undergo structural isomerization, but that dimer 
molecules or Cy2H», radicals must do this when this olefin polymerizes. 


B.p. °c 20 20 
wt. 
6870 162 | 1.4496 | 0.7963 | 103 
(9) 
51—125 | 164 | 1.4441} 0.7906 | 70.5 | 72.3 
(6) 
| 68.8—70.5 | 164 | 1.4417) — | 69.5] 71.3 
79.6 | 76.0 
62.0 | 93.0 
60.4 | 88.5 
50.0 | 109 
55.5 | 99.0 
49.5 | 107 = 
87.3| — 
: 
4.4351 
1.4353 
155 


TABLE 3 


Compositions of the Dimer Fractions from 2,3-Di- . 
methyl-2-butene, 2,3-Dimethyl-1-butene and 3,3- 
Dimethy1-1-butene 


Structural 3,3-di- 


roups in the 2-butene methyl !methyl 
imer fraction butene | 


H,C = CH—R 


RHC = CHR + ? 
(cis) (predominates 


RHC = CHR ? ? 
(trans) 


RHC =C—R + + 


+ + + 
R 


The results imply that the polymerizations of the olefins, as accelerated by heat and pressure, occur 


more slowly in the tetrasubstituted ethylene, which is evidently due to the considerable steric hinderance. 


Zelinsky Institute of Organic Chemistry and Received September 27, 1956 


Spectroscopy Commission of the USSR Academy 
of Sciences (Physicomathematical Sciences Section) 
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THE SURFACE TENSIONS OF TERNARY Hg-Cd-K METALLIC 
SOLUTIONS AT 22° C 


P. P. Pugachevich and V. B. Lazarev 
(Presented by Academician I, I. Chernyaev, October 31, 1956) 


It is clear that many effects due to impurities which are found in the most varied properties of multi - 
component metallic alloys in both the liquid and solid states may be understood from studies of the surface 
tensions of the multicomponent alloys. But up to now, so far as we are aware, a systematic study of the 
surface tension (o ) has not yet been made even for ternary metallic systems, much less multicomponent 
ones, while ternary metallic solutions are of greater practical interest than binary ones, since the vast majority 
of alloys used industrially are multicomponent systems. In the few studies of the surface tension in multi- 
component systems that have been made it has usually been the practice to study the effect of additives [1] 
or of gases [2], on the hypothesis that the basic composition of the alloy remains unaltered. 


dynes/cin dynes/cm 
80 8 


75 


10 2 30 40Méliz: 
NaCl concentration 


204 006 008 219 Mf liter Fig. 2. Surface tension in the system 
Isopropanol concentration water isopropanol— sodium chloride at 
18°C, after Semenchenko's data [8]. The 

Fig. 1. Surface tension in the system water- isopropanol concentrations, in moles/liter, 
isopropanol— sodium chloride at 18°C, after are: 1) 0.0000 2).0.0033 3) 0,0066 
Semenchenko's data [8]. 4) 0.0131 5) 0.0263 6) 0.0525 7) 0,105 
concentrations, in moles/liter, are: 1) 0.0; 
2) 1.0; 3) 2.0; 4) 3.0; 5) 4.0 


From the molecular theory of surface phenomena, developed by Semenchenko B,2]} for multicomponent 
solutions, we may expect that the adsorption effects in ternary metal solutions will not differ in type from like 
effects in other classes of ternary solutions. The main interest both from the theoretical and practical points 
of view lies in the case where, as regards a given solvent, one of the dissolved metals is surface-active, while 
the other is surface-inactive. This is due to the fact that, according to Semenchenko's theory, any multi- 
component system, as regards the effect of its components on the surface tension of the solution, can be 


/ 
; 
3 75 4 
65 
| 
5 
65 2 60 7 
60 
157 


considered as a generalized ternary system. 


We would, in particular, thus expect that at some concentration of the surface-active component, which 
Semenchenko [5] has called the buffer concentration, the surface tension of a ternary metal alloy will not 
depend on the content of the surface-inactive component, i.e. we may expect that in ternary metal systems 
we will find the same regularity in the surface tension changes as was observed by Seit [6], Palitzsch [7], 
Semenchenko [5,8,9,10] etc,,when studying binary solutions of nonconductors in the presence of electrolytes. 
For example SSemenchenko found that the surface tension isotherms at 18° in the system water~isopropanol— 
sodium chloride intersect at a single point (Figure 1), which corresponds to an isopropanol concentration of 
0.048 moles/liter. If we take the content of the surface-active material (isopropanol) as parameter, then the 
buffer point in such a system will correspond to an isotherm parallel to the axis of the surface-inactive material 
(electrolyte) which we have shown by the dashed line in Figure 2. It is clear from Figure 2 that the surface 
tension of the solution below the buffer concentration of isopropanol will be increased if the concentration of 
electrolyte in the solution is increased; at the buffer point, o for the solution is not dependent on the electrolyte 
concentration; while above the buffer point the addition of the electrolyte to the solution will lead to a fall 
in the surface tension. This effect has been explained in Semenchenko's papers [5,8], and by others. 


dynes/cm 


ar” 02° a9? a4? 05° 06? a7" 087 % 


K concentration 


Fig. 3. Surface tension in the system mercury-cadmium-potassium at 22° C, from the 
data of Pugachevich and Lazarev. The cadmium concentrations, in at.%, are: 1) 1.6; 
2) 5.6; 3) 7.1. 


With the aim of checking the deductions from Semenchenko's theory as to the generality of the law 
of change in the surface tension of solutions which belong to different classes, we studied surface tension in 
the Hg-Cd-K system. The choice of the components for the system under study was determined by the fact 
that potassium, as many workers have shown, is surface-active with regard to mercury, while cadmium, according 
to Semenchenko's rule of generalized moments, should increase the surface tension of mercury, although it 
would appear [11] that this is not confirmed, and some workers [12] conclude on this basis that the generalized 
moments rule does not apply to Hg-Cd-K solutions. 


If our choice of components is correct, then, from the above discussion, we should find a buffer concen- 
tration in the Hg-Cd-K system when we study the surface tension. 


The measurements of o Hg-Cd-K solutions were carried out in Pugachevich's combined apparatus [13] 
at 22°C; altogether 170 amalgams were studied, which contained from 0 to 0.620 at %K and from 0 to 7.15 % Cd, 
Figure 3 shows that at some potassium concentration, which was about 0.040 at. %, in our experiments, the surface 
tension of the ternary solution was not dependent on the concentration of the surface-inactive material (cadmium). 
This potassium content corresponds to the concentration buffer point. In solutions which contained potassium in 
amounts in excess of the buffer concentration, the effect of cadmium on go for the solutions was the reverse of 
that below the buffer point, namely, increase in cadmium content to a fall in the surface tension of the solution. 


660 
2 
640 
| 
420 
A 
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This is par ticularly clearly seen in Figure 4, which shows 
parts of the isotherms of surface tension for the amalgams we 
dynes/cm studied, when the content of the surface-active substance was 
495, taken as parameter: 8 on this figure relates to the potassium 
$685) buffer concentration. It is also clear from this figure (isotherm 
a5 1) that the cadmium, as predicted by Semenchenko’s rule of 
generalized moments, increases the surface tension of mercury, 
i.e., it is surface-inactive as regards mercury. 


440 


Comparison of Figures 1 and 2 with Figures 3 and 4 
confirms the deductions from the molecular theory of surface 
effects developed by Semenchenko for the general adsorption 
processes in multicomponent solutions which fall in different 
classes, 
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DIFFUSION OF ACTIVE CENTERS WITH SQUARE-LAW HOMOGENOUS 
CHAIN TERMINATION 


Yu. S, Sayasov and N. Enikolyopyan 
(Presented by Academician V. N. Kondratyev, October 23, 1956) 


The present paper deals with the solution to the problem of the stationary spatial distribution of hetero- 
geneously generated active centerson the assumption that they are removed at the surface, and also homogeneously 
upon collision, i.e. that we have a case of quadratic chain termination. (A problem of this type occurs, for 
instance, in pure hydrogen/ chlorine mixtures in which there are no traces of oxygen, as these latter take up 
the active centers [1].) We shall assume that the rate of heterogeneous generation is much greater than that of 
homogeneous initiation, is the case in reacting chlorine/ hydrogen mixtures ,* and that the reaction takes 
place in a plane-parallel vessel, the gap between the walls being 2 | (i.e. the problem is one-dimensional). 

Then the volume distribution of active centers is described by the differential equation: 


d? 
D ky (M) n= 0, (1) 


where n(1/cm’) is the concentration of active centers; k, (cm/sec) is the recombination coefficient; (M) (1/ cm’) 
is the total concentration (mixture + products); x (cm) is a coordinate measured from the center of the vessel 
(-1 =x =+1, 21 being the length d the vessel); D (cm?/sec) is the diffusion coefficient of the active centers. 


The boundary conditions take the forms 


dn 
ry = 0 when t= 0, (3) 


where € is the probability that the active centers will be removed at the vessel wall; v (cm/sec ) is the 
average heat flow of the active centers; wy (1/cm?-sec) is the rate of hetergeneous generation, 


Equation (3) is equivalent to the assumption that the conditions at both walls (x = +1 andx == 1) 
are the same, i.e, that the distribution n (x) is symmetrical with regard to the center of the vessel, x= 0, 


We now introduce the dimensionless variables 


y=— 


* It can be shown that the rate of homogeneous generation, wy, may be neglected as compared with the rate of 
heterogeneous generation, wh, if Wg/1>>wo. For hydrogen/chlorine mixtures at 600°K and at a pressure of ~30 


mm Hg, 1~ 1 cm, wy ~ 10"! cm~ sec”!, while the rate of thermal dissociation of Cl, is then ~10° cm”? sec™!, 
i.e., it is correct to neglect Wo, 


ree 
hy 
3 
) 
161 
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The Equation (1) may be put in the form 


and the boundary conditions (2) and (3) can be put as 


2a 
—ay +8 when § = (2a) 
ae when §=0. 


Equation (1) leads to a first-order equation, which, after condition (3a) has beenused, is transformed 
to the form: 


(st) =" 


where yg = yo (0) corresponds to € = 0. 


The solution to this equation may be found via We ierstrass's elliptic function s = J(u),defined as 


ds ‘ 
u = \ ————— (equi-anharmonic case namel 
\ V 4s? — 


yP(u), = ey (/s)" yee, 


where = = 47", w, = 1.52995. 


Using the boundary condition of (2a) and formula (5), we get the equation which determines the constant 
of integration yo: 


(/s)" (48 — 1)"* = — + B, (6) 


where ®& is taken at & = 1, i.e. when its argument 


U = — ey 


The distribution of active centers is given by the function of (5). The mean value of the concentration 
of active centers over the volume is clearly given by the expression 


= (5/2) yo" («os — yet) —C 


(1a) 
ay y?=0, 
| (4) 
(5) 
7 
(7) 
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where ¢(u) is Weierstrass's zeta-function (the functions ¢(u) and ¥ (u) have been tabulated [2]). 


In dimensional] units the mean concentration of active centers, n, is put in the form: 
(1 / cM) = 

k, (M) (8) 
We shall study the function y (a, 8) for some limiting cases. We shall assume that the concentration 


of active centers changes slowly over the volume of the vessel, i.e. that ya << 1. Then function (5) may 


be expanded in a power series with yg’€ as argument. Taking into account the fact that dP /du = 0 when 
u=wW, and restricting ourselves to terms of order yg, we have in this case 


P= (1 + ?+....), 1. =Yo(l + +-.-), 


The value of yo is found from equation (6) after we have substitued the expansion of (9) into it: 


’We shall assume that a << land g<« 1. Then it follows from (11) that 


When Ba®/4 and when Bs>a?/4 yo VB 


. Thus we get the following 
final expressions for the mean concentrations: 


when 16 ik, (M) 


(13) and (14) have a simple physical meaning. At low rates of heterogeneous generation [Condition(13)] 
a small number of chains are generated at the walls, and so the probability of their interacting in the volume 
(which is proportional to n’) is small. This means that the mean concentration, 1, is determined by the 


@ 
* 


y= >' a, 


and determining the coefficients _ from the recurrent relations. 


The expansion of (9) may be found directly from (1)by substituting in it the series 


= 
= 
(10) 
(11) 
a y/a? 
12) 
ev (13) : 
(14) 
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dynamic equilibrium of the processes of generation and removal of active centers at the walls, “= V4 evn 
hence we get formula (13). 


On the other hand, when a large number of chains are generated per unit time at the walls, and thus the 
probability that they will interact in the volume is large compared with that of their removal at the walls, the 
mean concentration of active centers n, is determined by the equality between the rate of generation of active 
centers per unit volume, w,/ 1, and the rate of removal per unit volume k,(M)(n)’, hence we get the formula(14), 


We shall now study the case where the concentration of active centers changes rapidly over the volume 
4 us 
of the vessel. Since ¥ (u) is large when u—> 0, namely P (u) = ry + eB +... whenu-— 0, then we 


must suppose that the rapid change in n implies that U = — (?/s) 1. The boundary condition 
of (6) gives in this case 


1 
uz 


+8. (15) 


= — Yo 


Assuming 68>>landa< Ws. From (15) we get 


Yo & ~ goth gil 
2 


ala 


Since when u—> 0 (u) = . +..., then from (7) it follows that here 


y= 


or 


== wh (16) 


The values of y @,g), which do not satisfy the assumptions made above in duducing (13), (14) and (15) , 
may be found numerically with the aid of the tables for Pu), ¢ (u) [2]. The graphs of the function y (a, B) 
given in Figure 1 for a =. 0;2;4;6;8;10, were calculated in this way: with the aid of these it is easy to find 
the value of n for any proposed parameters which control the reaction. 


By using the theoretica] results given, and the experimental data on reaction rates in pure hydrogen/ 
chlorine mixtures, we may draw some conlusions about the possible elementary processes involved in this 
reaction, 


Under the conditions used by Markevich [3]; 310°; 
pressure on the chlorine/hydrogen mixture of 62 mm/Hg, 


“2 -4 
1= 2 cm,W) ~6404 cm/sec, ky = 10 ~ and €= 5°10 
2 we get 
& 


L 
(2 16 20 Semenov and Voevodsky have found the value 
Wh ~ 10" cm™ sec"! Thus it is clear that condition (13) 
is complied with.* 
F On increasing the pressure and diameter and re- 
Fig. 1. g the p 


* And so N. in this case is independent of k,, and consequently k, cannot be determined from the data of [8]. 
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ducing € we may ensure that condition (14) is fulfilled, and thus calculate k,. When €~ 10° and1~1cm, 


and assuming wp, proportional to pressure, we find that Condition (14) for the H, + “ reaction can be fulfilled 
for pressure25-10% mm Hg. 


In conclusion we should note that by using the method described here ~ i.e. by using Weierstrass's functions — 
we may also study the diffusion of active centers under other conditions where square-law chain termination 
plays an important part (e.g. when chains are initiated at the walls and in the volume simultaneously, removal 
of active centers by impurities and by square-law recombination,etc.). 
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CRYSTALLIZATION STRUCTURE FORMATION IN TRICALCIUM ALUMINATE 
SUSPENSIONS 


E. E. Segalova, EB. S. Solovyeva and Academician P. A. Rebinder 


The special features of structure formation in aqueous suspensions of Portland cement during the first few 
hours after they have been made are determined in the main by the aluminate minerals, particularly by the 
tricalcium aluminate [1, 2]. 


It is of interest to study these processes, since the cement / water system can be influenced at this stage, 
and thus the structure of the cement controlled. In order to find out the general laws governing crystallite 
structure formation in the aluminate components we studied the structure formation in suspensions of one 
particular clinker mineral in detail, i.e. tricalcium aluminate, 3CaO-Al,O,{C,A). 


kg/cm? 


of hydration of the C,A approximate _ those in cement 
slurries, The processes of structure formation have been 
delineated by us, as in our earlier papers [1,3], by the 
kinetics of the growth in plastic strength, as measured 
with a cone plastometer, The specimens of the sus- 
pension were placed in a special measuring vessel 

after preparation, and kept in a drier over water. 


We studied mixtures of finely- ground powders 
"- | ; 1-5% of tricalcium aluminate and 99-95% of quartz 
10- ' sand, The processes of structure formation in such 
oi ' a suspension are determined solely by the tricalcium 
74 aluminate, but a large amount of inert filler makes 
| oi 2 it easier to study these systems [3], and the conditions 
' 


4 2 3 § 6 6 #12 Mhours 


arene Figure 1 shows the kinetics of the rise in plastic 
strength for a suspension of 5% CsA and 33% water 

Fig. 1. Growth of the plastic strength P,, after (dry weight basis) which has been restirred at different 
destruction of the crystallite structure of the hydro- stages in the formation of the crystallite structure in the 
aluminate at different stages in its formation in hydroaluminate. As distinct from the suspensions of 
a suspension made up of 5% CsA + 95% finely calcium sulfate hemihydrate we have studied [3], in 
ground quartz sand + 33% H,O in the dry mixture: the suspensions of tricalcium aluminate, even when 
1) initial suspension (stirred for 45 sec when made); _ the content of tricalcium aluminate is smail and that 
2,3,4,5 suspensions which have been stirred a of water large, the first stage, in which the formation 
second time until the structure is completely of a crystallite structure in the system predominantly 
destroyed, at 10 and 30 minutes, and 1 and 2-3 occurs, is of such short duration that it is difficult to 
hours after preparation (the arrows denote the detect it (Figure 1, 1), If the crystallite structure 
the times of remixing); 6) systems 1-5, re- is disorganized while it is developing, a sharp fall in 
stirred after 6 hours, the strength occurs (Figure 1, 2-6), and stirring «after 


1-2 hours practically rules out further development 
of-the crystallite structure. 


Measurements of the kinetic rise in plastic strength and the chemical binding of the water in CgA (Fig. 2) 


x 

4 
0 
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show that both processes run parallel [3,4], and at 18-20° are mainly completed 5-6 hours after making the 
suspension, During the next 1-2 days only a very small increase in strength is found, which is accompanied 
by an equally small increase in the amount of chemically bound water. 


A further increase in the strength of the crys - 
tallite structure formed by a factor of 2 may be had 
by drying the specimen: then subsequent moistening of 
the dried crystallite structure once again reduces 
the strength to the original value, which is explained 
as to the effect of adsorption fallin strength [5], which 
must be very markedly developed in these structures 
which have an internal surface. If the ¢rystallite 
structure of the hydroaluminate is kept in moist 
conditions for a long time its strength begins to fall 
gradually, after passing through a maximum value. 

Ghours/ 294 66 days This is seen particularly cearly in structures which 
—= contain a large amount of water. For example in 
suspensions having 5% C3A and 70-100% water 
(dry weight basis) the crystallite tructure, which 
attains a plastic strength of 1-2 kg/cm%, is completely 
destroyed at 20 days after preparation (the residual 
strength, at 0.1 kg/cm, corresponds to a coagulation 
structure composed of free crystals of hydroaluminate 
and sand). By analogy with the crystallite structure 
of calcium sulfate dihydrate [6], we explain these effects as a gradual dissolution of the thermodynamically non- 
equilibrium crystallization contacts which are formed between the hydroaluminate crystals when the crys - 
tallite structure forms and develops, In agreement with the lower solubility of the hydroaluminate as compared 
with calcium sulfate dihydrate the solution of the contacts and the recrystallization occur considerably more 
slowly in the crystallite structure of the hydroaluminate. These processes occur more rapidly on raising 
the temperature, and side by side with the usual recrystallization we get the hexagonal form of the hydro- 
aluminate being transformed to the cubic. 


kg/cm? 


Fig. 2. Kinetics of crystallite structure formation 
and hydration of CsA in a system made up of 5% C3A 
+ 95% ground quartz sand + 43%H,O (dry weight 
basis), W is the amount of chemically bound water 
as a percentage of the weight of the CA. 


During recent years a plasticizing additive has been widely used in building practice, this being a 
sulfite-alcohol liquor (sal). Its effect on cement slurries is mainly determined by its adsorptive interaction 
with the aluminate component of the cement clinker [1,2]. In this connection it was important to study the 
effect of adding sal on the structure formation of suspensions of tricalcium aluminate, These studies have 
shown that the addition of sal, which is adsorbed on the surfaces of the CsA particles, on the one hand retards 
the processes of structure formation and hydration, and also the processes by which fresh crystals form, and on 
the other hand, by causing adsorptive peptization and dispersion of the parent CsA particles, accelerates these 
processes, In addition, the added sal, like any other surface-active organic material, is adsorbed on the surfaces 
of fresh crystallites, thereby blocking possible contact sites and thus reducing the strength of the crystallite 
structure, Theover-alleffect of the additive on the strength of the crystallite — structure depends on which of 
these factors predominates at any given concentration of the additive. 


Table 1 gives the kinetic data on the rise in plastic strength and in the chemically bound water in 
suspensions containing 5% C 3A. The addition. of sal is made with the water mix, It is clear from Table 1 
that the addition of sal up to 1% retards the rise in strength and in the chemically bound water, and also 
reduces the final strength of the crystallite structure in the hydroaluminate, 


Microscope studies on C3A suspensions (Figure 3) have shown that when small amounts of sal are added 
we actually get a slowing-down of hydration, but that this leads,in the final reckoning, to coarser crystals of 
the hydroaluminate forming than occurs in the absence of the additive ( Figure 3,d), The fall in the strength 
of the crystallite structure is evidently to be explained by the retardation of the hydration, reducing the 
probability that thermodynamically nonequilibrium contacts will form, and thus reduces the fraction of the 


strength due to these contacts, The fall in the strength is also enhanced by the adsorptive-blocking action 
of the additive. 


| 


TABLE 1 


Increase in, the Plastic Strength, P_,, and in the Chemically Bound Water, W, in Suspensions 
Containing 5% CsA and 43% Water (dry weight basis) (preparative stirring — 45 seconds). 


Sal concentration in % of solid phase 
Time from 


tart of 
start o 0.5 ‘ 
experiment 


I. Pm in kg/cm* 


> 


SSam 


a 


Sal concentration in % of solid phase 


Time from 
start o 


experiment 0,5 1,0 


Il. W in % of 


win!) 


> 
— 


SSSERSREES 


1 

2 

2 

2 

2 

3 
36. 
36 
3 

4 


No 


* According to.the formula 6 aq, 40%, 


As the concentration of the surface-active additive rises, the retardation of hydration it causes also 
increases, as well as its dispersive effect on the parent CA particles (Figure 3,e), The retardation of the 
growth in the nuclei of the freshly formed phase caused by the adsorbed layers leads to the occurrence of 
a marked induction period in the structure formation, its length being greater the more sal added. Special 
experiments have shown that the amount of chemically bound water is practically zero during the induction 
period. Rapid hydration, together with the parallel increase in the plastic strength, begins at the end of the 
induction period, and leads to a hydroaluminate crystallite structure appearing in the systern which has a 
very high strength, Stabilization of the nuclei by the adsorbed layers of additive retards the crystallization, 
and prevents screening layers due to the newly formed hydrates arising on the surfaces of the parent CsA 
particles, All this facilitates a state of high supersaturation arising during the induction period, this being 
produced because the conditions are favorable to the formation of a large number of crystallization contacts 
and to the production of a crystallite structure of high strength, When large amounts of sal are added the 
strength of the hydroaluminate crystallite structure may be raised 8-10 times, as compared with the 
strength without the addition, An unusual marked fineness of the crystals of hydroaluminate formed is then 
observed (Figure 3,f); the separate crystals of the hydroaluminate cannot be resolved even in the electron 


0 

0 - 

0 

0 

0 
0 

0 

: 

| 3,0 ; 

30 min 26.6 : 

1 hour 31.0 

2 hour 31.5 & 

4 hour 36.0 

8 hour 41.0 : 

4 da 41.5 

2 days 44.6 
3 days 41.9 

5 days 41.3 : 

10 days 41.0 
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Fig. 3, "Photomicrographs of suspensions of CgA( 400 X): a, b are 0,7% suspensions in water; c 
and d are the same in a 0.01% solution of sal; e and f are a 5% suspension in a 10% solution of 
sal, Plates a, c and e refer to test specimens taken from the suspensions immediately after 
preparation (mixing time 30 secs); Plates b, d and f were taken after 3 hours. The hydration 
of CsA was carried out in the microcuvette made up of the slide and cover-slip, where the 
test-specimen from the suspension was placed at 30 mins after preparation, 


microscope ata magnification of 40,000, This is also shown by measurements of adsorption by dilute suspen- 
sions of CsA. The largest adsorption of sal after terminal hydration reached 4.5 g sal perg CsA. 


When still greater amounts of additive are used the strength of the hydroaluminate crystallite structure 


falls, since the effect of stabilization and blocking of the possible contact sites predominates, due to the 
adsorption of sal, 
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REGULARITIES IN THE INCLUSION OF COPPER, ANTIMONY, LEAD, COBALT, 


IRON AND ZINC IN CATHODE DEPOSITS OF TIN 


Vv. L. Kheifets, E. S. Kozich and O. M. Danilovich 
(Presented by Academician A, N, Frumkin, October 16, 1956) 


The possibility of an impurity co-depositing with the main metal in a discharge is determined by a 
number of conditions; the position of the standard potential with respect to that of the main metal, the values 
of the currents drawn by the impurity and by the main metal, and the structure of the alloy formed between 
the impurity and the main metal near 100% main metal,etc. Depending on which of these conditions pre- 


dominates in any given case, the laws governing the inclusion of the impurity in the cathode deposit may 
change. 


The laws in some basic cases in the instances of cathode deposits of nickel and cobalt have already been 
dealt with by the present authors [1,2], 


Tin, as distinct from nickel and cobalt, has a large transport number and is weakly polarized, For 
example in the electrolyte we have studied (which contained SnSO, 90 g/liter, H,SO, 20 g/liter,) _ phenol- 
sulfonic acid 50 g /liter, and joiner's glue 4 g/liter the cathode potential of tin changed only 5-7 my on 
going from current densities of 50 a/m? to 200 a/ m?, This enables us to assume that in the cases under 


consideration we should find some differences from the laws of impurity inclusion found with nickel and 
cobalt deposits, 


In view of its position in the voltage scale and its high transport there is no doubt that copper must be 
found in tin cathode deposits at the limiting current. The copper content in the cathode deposit was determined 
by the dithizone method, As would be expected, the relation between the copper content in the deposit to 
its content in the solution was a linear one passing through the origin, As distinct from cases where the deposition 
of the main metal is strongly polarized, the line which defines the copper content in the cathode deposit of 
tin does not lie above the bisector of the angle between the coordinates, but coincides with it, which is explained 
by the slight polarizing action in tin discharge, At the same time the "constant" for the rate of inclusion of 
copper in cathode deposits often is practically the same as the constants for other metals which are found to 
deposit in the cathode deposits of nickel and cobalt at the limiting currents [1]. 


Copper is unique among the impurities we have studied in that its deposition is diffusion-limited, The 
depositions of all the other impurities, as found by investigation, are limited by the rate of the discharge stage, 
These impurities can be divided into two groups, though, Antimony and lead must be placed in the first group, 
The standard potential of antimony is more positive than that of tin, but the appreciable polarization of the 
discharge process in antimony leads to its deposition being limited by the discharge stage, in which connection 
we must take into account the polarization of the tin discharge, although this is slight. Lead is very close to 
tin in both standard potential and polarizability, and so it is also impossible to neglect the magnitude of the 
polarization in the discharge of the main metal with lead. Thus these two impurities should show laws relating 
to the case where the rate of deposition of the main metal and of the impurity is limited by the discharge stage. 


The antimony content in the metal was determined by radioisotope methods, the lead being determined 
spectrographically, and with dithizone, 


Figure 1 shows the relation between the antimony content in the cathode deposit and its content in the 


in 

< 


solution. It is clear from the figure that this relation is expressed by a curve of parabolic type, as is predicted 
from theory. Figure 2 shows the relation of the lead and antimony contents (curves 1 and 2,and curve 3,respect- 
ively) in the cathode deposit to the current density. It is clear from the figure that the lead content in the 
deposit increases rapidly up to a current density of ~ 200 a/m*, but thereafter changes slowly, as the diffusion 


resistance begins to operate. 


2 / 
/ 
002 0056 0088 at. % 


0 005 M/liter 
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Fig. 1. Relation of the impurity content due to 
antimony in a tin cathode deposit to its content 
in the solution , 
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Fig, 2, Relation of the lead and antimony contents 


in tin cathode deposits to the current density: 1) lead, 


electrolyte contents 16 mg/liter; 2) lead, electrolyte 
content 11 mg/liter; 3) antimony, electrolyte content 
1.6 mg/liter; 4) manganese in a cathode deposit of 
nickel (log-log coordinates), electrolyte content 6,5 
mg/ liter; 5) curve 1 in log coordinates; 6) curve 2 

in log coordinates . 
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In the case of antimony its content in the 
cathode deposit is found to be almost independent 
of the current density. As follows from equation 
(10) of [1], for the case under consideration the 
following equation is correct: 


log A; = N + — 1)log/, (1) 


where A, is the impurity content in the cathode 
deposit, N is a complex constant; ay is the division 
factor, from the kinetic equation for the discharge of 
the impurity; «,,, is the same for the main metal; 
Z; is the valence of the impurity: J is the current 
density at which the metal is deposited, 


It is clear from the equation that if ayZy>amZ,, 
the impurity content in the cathode deposit will in- 
crease, Instances of this are the inclusion of manganese 
in nickel and of lead in tin, If ayZy= ap Zp, the 
impurity content should not depend on the current 
density, as is found in the case of inclusion of antimony 
in tin, Curves 1 (initial section) and 2 of Figure 
2 transform to lines 5 and 6 in logarithmic co- 
ordinates, the gradients (~1.7), being equal to those 
found in the case of inclusion of manganese in nickel 
(line 4). 


Iron and cobalt are metals which are considerably 
more electronegative than tin, and, in addition, show 
little current transport, Zinc, although its current 
transport is large, is 0,62 vy more negative than tin 
in the voltage series, and forms neither solid solutions 
nor chemical compounds with tin, It is therefore 
natural that, on the one hand, the rates of discharge 
of these metals should be determined by the rate of 
the discharge stage, and, on the other hand, the 
polarization of the discharge of the main metal, 
since it is small, cannot influence their inclusion 
in the deposit at all appreciably. If we suppose 
that the main metal deposits without polarization, 
and that the rate of deposition of the impurities 
is limited by the discharge stage, it is not difficult 
to get the equation [2] 


400MC, 


2 


A; = 


at. % 
: 
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where C; is the impurity content in the electrolyte; C__ is the concentration of the main metal in the electrolyte; 
M is a complex constant, which combines the value of ‘the standard current transport of the impurity, the standard 
potentials etc; the balance of the symbols have been defined above. As an example, we tested the relation of 

A, to the current density J for this group of impurities as regards the inclusion of cobalt in tin deposits. The 
results are given in Figure 3, It is clear from this Figure that Kquation (2) is in complete agreement with this 
relation. 
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Fig. 3. 1) Relation of the cobalt content to the Fig. 4. Relation of the iron, cobalt and zinc impurity 

current density (cobalt content in the electrolyte content in the cathodedeposit to their contents in the 

50 mg/ liter); 2) the same in log coordinates. electrolyte. The dotted line is the coordinate angle 
bisector. 


As is to be expected from theory, a rise in the tin content of the electrolyte leads to an appreciable fall 
in the impurity content of the cathode deposit for those impurities of which the deposition is limited by the 
discharge stage. It follows from Equation (2) that Cj and Aj must be linearly related in this case, exactly as 
in deposition of the impurities at the limiting current, At the same time the different values of M for the 
various impurities must be referred to differences in the slopes of the lines, unlike impurities which deposit 
at the limiting current, 


Figure 4 presents the data for iron, cobalt and zinc, which illustrate this situation. Radioisotope 
methods were used to determine the Fe, Co and Zn contents in the cathode deposit of tin. 


TABLE 


Stage which Content in 
d the Stage which determined Acon- 
Impurity deposition of the deposition of the 


tent in solu- 
the impurity main metal tion) 


Cu, Zn, Pb, Cd, Co} Diffusion Discharge 

Cu, Zn, | Diffusion Discharge 

Cu Diffusion Polarization may be 

neglected 
Mn Discharge Discharge 
Pb Discharge Polarization must be 
allowed for 
Sb Discharge Ditto 
Fe Discharge Polarization may be 
neglected 
Co Discharge Ditto 
Zn Discharge Ditto 


Ss ao Sou 
so 


os 


Main 
metal 
Ni 
Co 
Sn 
Ni 
Sn 
Sn 
Sn 
Sn 
Sn 
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It is of interest to compare the rate of inclusion of different impurities in the deposit. Table 1 gives just 
such a comparison. The ratios of deposition are characterized by the ratios between the impurity contents in 
the deposit to their contents in the solution, i.e. by the so-called distribution coefficient [3]. In the cases of 
Mn in Ni and of Sb and Pb in Sn we have used the initial sections of the curves, which are practically rectilinear. 


It is clear from the table that when the rate of deposition of the main metal is determined by discharge, 
while the rate for the impurity is determined by diffusion, the individual properties of the impurity and of the 
main metal again begin to play a part, and the deposit is considerably richer in impurity than is the solution, 
When the depositions of the main metal and of the impurity show little polarization, the composition of the 
deposit at the limiting current will be the same as in the solution, And finally, when the deposition of the impurity 
is determined by the discharge stage, the deposit is considerably purer than the solution, and the rate of inclusion 
of the impurity depends on the individual properties of both the impurity and the main metal. 
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AN INVESTIGATION OF THB HEAT CAPACITY, cy, OF WATER AND WATER 
VAPOR IN THE CRITICAL REGION 


Kh, I. Amirkhanov, Member Acad. Sci. Azerbaidzhan SSR and A. M. Karimov 


The absence in the literature of data on the heat capacity c, of waterand water vapor and its 
dependence on temperature and on pressure can clearly be attributed to the existence of experimental diffi- 
culties [1]. For the determination of the heat capacity cy, we have employed an adiabatic calorimeter, with 
a thermoelectric temperature regulator, such as has been earlier described [2] 


It is known that the study of the behavior of the heat capacity not only demands adiabatic conditions in 
the calorimeter system but, also, equilibrium in the thermal field, a requirement whose attainment was facili- 
tated in the present work by the fact that in the critical region, where the coefficient of thermal expansion, 


a= “(= reaches very high values, the Groshof number also becomes quite large. For the initiation 
P 


of turbulent movement in a liquid the condition Gr ~ 5 x 104 must be fulfilled [5]. In our work with one-com- 
ponent system under a temperature difference of 0.01°, the magnitude of Gr was of the order of 107, 

Thus the natural development of turbulent movement in the critical region aided the rapid attainment of 
thermal equilibrium, The very construction of our calorimeter, with its metallic wails with a thickness 
reaching 7 cm, considerably speeded up the process of temperature equalization, as was indicated by identical 
readings on three thermocouples distributed vertically in the calorimeter according to the height of the liquid. 


In the course of an experiment, temperature equilibrium between the phases (Ty = T,) was attained by 
waiting for the corresponding readings on the thermocouples and for the equalization of the pressures (py = Py), 
so that it could be claimed that full thermodynamic equilibrium was established in the system, i.e., that 

1(p,T)= gq (P»T) and that it was permissible, therefore, to carry out measurements without liquid agitation. 


In a calorimeter of the type earlier described [2], the heat capacity cy of water and water vapor was 
determined at various specific volumes, over a temperature interval which did not exceed 06°. At each 
specific volume the measurements were repeated several times. The maximum over-all error in the determination 
of the heat capacity cy amounted to ~ 2.5% 


EXPERIMENTAL RESULTS 


In Figure 1 there are shown those changes in the heat capacity of water which accompany the transition 
from a two-phase into a single-phase state. Far from the critical point the heat capacity cy is subject to an 
abrupt alteration on passage through the boundary curve (Figure 1, 1) but as the critical point is approached, i.e., 
as the specific volume increases, the abruptness in the change in cy tends to be lost although the absolute value 
of the jump in the heterogeneous region continued to increase [4,6]. 


In Figure 2 the boundarycurve for water has been plotted in the coordinates(T, v). The boundary curve 
in the coordinates ( p, v) can be constructed in a similar fashion, the critical region being clearly marked out. 


The method of constructing this boundary curve on which the critical region is delineated is based on 
the following experimental fact which we have discovered (see Figure 1, 2): far from the critical region the 
heat capacity cy for the two-phase state on crossing the boundary curve abruptly falls to the value of the heat 
capacity for the single phase, whereas in the critical region, beginning at a specific volume of 2.5 cm*/g 


= 


and going up to 4,15 cm?/ g, the abruptness in the alteration of cy is lost and the change stretches out over a 
considerable temperature interval, which interval for water can be as large as 4,5°, From the point at which 
the abrupt alteration in the heat capacity cy ceases, this temperature interval increases in proportion to the 
approach to the critical point, attaining near the latter a maximum value of 4.5°. With a further increase 

in the specific volume, the temperature range diminishes and reaches a minimum of 0.6 at a specific volume 
v= 4,15 cm3/g, Still further increasing the specific volume leads again to an abrupt alteration inc,. The 
critical region for water is thus limited in terms of volume to an interval ranging from v = 2.5 cm*/ g to 

y= 4,15 cm*/g and in terms of temperatures to an interval of 4,5° [12]. 


cal/g + deg 


380 


Fig. 1. The dependence of the heat capacity of 
water on temperature in the critical region, at 
various specific volumes: 1) 1,925, 2) 2,2415, 
3) 4.16Q, 4) 2,870, 5) 3.235 g, 
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Fig. 2, The boundary curve for water, constructed 

from the change in the heat capacity, Cy, accom- 
panying the transition from the heterogeneous into 
the homogeneous state, 


The critical region which we have found for water 
in the coordinate (T, v), and which is limited to a tempera- 
ture range of 4,5°, is in satisfactory agreement with the 
theoretical calculations of Band, who for this same region 
gives the temperature interval as 6.5°. The diagram in 
the (P, v) coordinates is similar to thatinthe (T, v) co- 
ordinates, 


In Figure 3 for three isotherms in the hypercritical 
region there is shown the dependence of cy of water on 
the specific volume, These experimental curves have 
the following characteristics. As the critical volume 
is approached along an isotherm, the heat capacity in- 
creases and ultimately reaches a maximum value, 
the heat capacity c, having a maximum in the hyper- 
critical region just as does the heat capacity Cp [7-10]. 


With a further increase in the specific volume , 
i.e. in proportion to the movement away from the 
critical point, the heat capacity rapidly diminishes. 
At the critical point there is reached the absolute value 
of the maxima of the heat capacity c,. At temperatures 
higher than the critical, the relative maxima diminish, 
It is to be seen from Figure 3 that the heat capacity, in 
contradiction to the van der Waals‘ theory, is a function, 
not only of the temperature, but of the volume as well, 


In Figure 4 there are shown the maximum values 
of the heat capacity cy for intersection with the boundary 
curve, According to the theory of V. K, Semenchenko 
[5, 11}, the heat capacity for intersection with the boundary 
curve reaches its maximum at the critical point. From 
this it follows that the critical volume should correspond 
to the maximum on this “curve of maxima.” For water 
this maximum represents a value vg = 3,23 cm*/ g 


The result obtained by us for the critical volume 
of water is .* 3.23 em3/ g, a value which differs by 
2.5% from the value of the critical specific volume 
(v, = 3,30 cm*/ g) shown in common by the VTI tables, 
the new table of M. P. Vukalovich [12] and the determina- 
tion of V. A. Krillin and V, N. Zubarev [13]. 


DISCUSSION OF RESULTS 


The results of our experiments indicate that far 
from the critical point the heat capacity of water 
changes abruptly during the passage from the two-phase 
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into the single-phase condition, the absolute value 

of these discontinuous jumps increasing in proportion 

to the approach to the critical region and reaching 

a maximum at the critical point. From the classical 
cal/g-deg point of view, the increase with temperature of the 

15 heat capacity c, of water in the two-phase state 

and the discontinuous decrease of c, which accom- 
panies the transition into a single phase, can be 
explained by the fact that in the transition region 
added heat goes not only to increase the temperature 
of the separate phases but also to bring about that 
rupture of the molecular bonds in the polymolecular 
compounds which takes place during the process of 
molecular dissociation. The heat of vaporization 
cannot essentially influence the change in the heat 
Fig. 3, The dependence of the heat capacity cy capacity because as the critical point is approached 
of water on the specific volume, along the critical its value tends toward zero [14], whereas the magni- 
and hypercritical isotherms: 1) 381°, 2) 379, tude of the jump in c, increases. On transition into 
3) 374.2’. a single phase, the process of dissociation and vapori- 
zation suddenly ceases, which leads to a discontinu- 
ous diminution inc,. Naturally, the rupture of the 
molecular bonds which results in a decreased degree 
of association, depends on temperature and on pressure. 
Thus at the critical point the number of rupturing 
bonds and the intensity of these bonds reach maxima, 
which in turn leads to a maximum increase in the 
value of c,. For liquids, this region of dispersion, 
i,e., the region in which the dissociation process 
takes place, must depend on the degree of molecular 
association, For this reason, the region of the critical 
state must be different for different liquids, The 
molecular mechanism of the maxima of the heat 
capacity at hypercritical temperatures (see Figure 
3) must be similar to that just described. It is not 
possible with the van der Waals’ equation to explain, 
either qualitatively or quantitatively, the behavior, 
as considered above, of substances at temperatures which are different from the critical. 


cal/g-deg 


Fig. 4, The maximal values of the heat capacity cy» 
of water inthe heterogeneous region, at various specific 


volumes, 


Actually, rewriting van der Waals’ equation in the form = —— 3 » we rind 22) Pe 0 


Accordingly =T (2° ), = 0. i.e., the heat capacity, cy, should not depend on the volume 
dv 


and must be a function of the temperature alone, Experiment shows (see Figure 3) that these conditions are 
fulfilled only for the maxima on the critical and the hypercritical isotherms, For other specific volumes, the 


0 
etacion( *) = 0 is not valid for either the critical or the hypercritical isotherms, i.e., the van der 


Waals equation is not applicable to them, 


It is to be seen from Figure 3 that the maxima Cy (v) lie on a critical isochore which is nearly linear, 


The presence in the hypercritical region @nd at constant volume) of maxima in the heat capacity c, 
in relation to the temperature, which maxima are similar to those met for Cp [8-11], confirms the existence 
of the anomalous course of the heat capacity in this region, 
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CONCERNING THE NATURE OF THE THERMAL TRANSFORMATIONS IN THE 
ALKALI BOROSILICATE GLASSES 


D. P. Dobychin and N. N. Kiseleva 
( Presented by Academician A, N, Terenin September 18, 1956) 


As is known [1-4], the structures of those porous glasses which are obtained by treating the alkali 
borosilicate glasses with acid solutions depend not only on the original glass composition, but also on the 
thermal treatment and the conditions of leaching [5, 6]. With a view to solving the problem of controlling 
the structures of porous glasses, and for the study of the structures of borosilicate glasses, we have undertaken 


an investigation of the kinetics of those processes which occur during the thermal treatment of a sodium 
borosilicate glass, 


This investigation was carried out through a sorption study of thestructures of those porous glasses 
which were obtained from the thermally treated glass Na-7/ 23*, use being made of a quartz spiral balance. 
Water was employed as the sorbate. We have already reported [7] that the pore radius in the porous glasses 
resulting from leaching of samples of Na-7/ 23 glass which had been subjected to an extensive thermal treatment 
at 530°, increased in proportion to the time of treatment, On the other hand, the pore radius and the pore 
volume in the porous glasses resulting from the leaching of samples which had undergone thermal treatment, 


even for one half hour, at 650 showed constant values which were not changed by lengthening the time of 
thermal treatment of the glass, 


The independence of the condition of acid leaching and the magnitude of the pore radius and the over- 
all pore volume in a porous glass which had been thermally treated at 780° indicates that the finely porous 
silica net which is washed out of the “high temperature" porous glass by alkalies is not a "secondary silicic 
acid” which had coagulated in the pores during an acid leaching of the glass [8,9]. 


In 1956 E, A. Porai-Koshits, D, IL. Levin and N, S, Andreev [10] showed that the pore size in those porous 
glasses which resulted from a double leaching (in acid and then in alkali) increased with the length of time 
of the thermal treatment of the original glass, Na-7/ 23, thus confirming a fact which is fundamentally important 
for the understanding of those processes which occur during the thermal treatment of sodium borosilicate glasses. 


The present communication is devoted to the presentation of the results which we have obtained from a 
study of the kinetics and the nature of these processes,. 


Thermal treatment was carried out on a single batch Na-7/ 23 glass in two different initial conditions: 
A) a glass which had been quenched from 850° and _ ) a glass which had been subjected to a crude annealing 
by gradual cooling from higher temperatures, 


Leaching was carried out at 50 in a 3 N HCI solution, the latter being taken in the proportion 15 cm$ 
per 1 g of leached glass (powdered, fraction 100 - 150 1). 


The experimental results are presented in Figures 1 and 2 in the form of curves showing, for the original 


glasses A and B respectively, the alteration in pore radius and volume as a function of the extent of thermal 
treatment at various temperatures, 


The glass A, which was quenched from 850° had the finest pores (~ 8 A) and the smallest over-all pore 
volume (V, = 0.160 cm3/g). As the time of the thermal treatment of this glass was increased under temperatures 


4 
Here and in what follows, mole % Na,O, 23 mole % B,0;, and 70 mole % SiO,, 
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taken place during the time of cooling. 


Fig. 1. The dependence of the pore radius 
and volume in the porous glass on the time 
and the temperature of the thermal treat- 
ment of the original A glass. 


i 
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Fig. 2. The dependence of the pore radius 
and volume in the porous glass on the time 
and the temperature of the thermal treat- 
ment of the original B glass. 


up to 580°, the magnitude of the pore radius in the resulting porous glasses continually increased, along with the 
over-all pore volume, up to a definite constant value (Figure 1), 


The porous glass which was obtained from the original B glass had a somewhat greater pore radius (47 -48 A) 
and over-all pore volume (0,197 em/ g) and also a somewhat wider distribution of volume over pore radii, than 
did the porous glass which was obtained from glass A. The type B glass had slowly solidified from higher 
temperatures: its structure reflected those processes of growth of chemically inhomogeneous regions which had 


The kinetic curves which were obtained for samples of 
type B passed through an initial minimum (Figure 2), Depending 
on the time of thermal treatment of the initial B glass, the 
magnitude of the pore radius of the porous glass at first rapidly 
falls to a definite minimum value and then again increases. 

At the same time, the magnitude of the over-all pore volume 
initially falls and then rises, clearly approaching a value 
constant for a given temperature. Thus at least two structural 
processes take place during the thermal treatment of the glass 
Na-17/ 23; the first, and more rapid, manifests itself in a decrease 
in the magnitude of the pore radius and over-all pore volume; 
the second, and slower, gives rise to a continuous rise in the 
poreradius and over-all volume, up to a fixed value. The 
rates of both of these processes rapidly increase with the tempera- 
ture. Insofar as a process of the first kind is not observed in 
samples of the type A, we presume that this first (rapid) 

process is connected with the breakdown of the existing regions 
of chemical inhomogeneity, the reconstruction of the space 
lattice of the glass and the reorientation of chemical bonds. 

On the other hand, that slow process which brings about a 
continuous growth in the pore size in the porous glass is related 

to diffusional transfer of matter in the glass. 


Around 585° we have found a critical value (or a narrow 
critical region) of temperature above which a brief thermal 
treatment of the initial glass (at 650°, one half hour) suffices, 
in order that the pore radius of the porous glass obtained by 
acid leaching should take on a constant and, moreover, small 
value, which is independent of the extent of the thermal 
treatment (Table 1). 


We believe that at this temperature there begins to 
form in sodium borate regions a continuous silica net,, which 
is not destroyed by the acid [7]. 


Above 585° the magnitude of the pore radius in the porous 
glass decreases with an elevation of the temperature of the 
thermal treatment. Below 730° the opalescence of the glass 
continually increases in proportion to the length of thermal 
treatment, although no rapid change in the rate of its 
propagation can be detected in the 585° region, 


An increase in the pore radious at a relatively constant 
pore volume indicates that there is a decrease, during the course 
of thermal treatment, in the over-all number of pores in the 
porous glass and, consequently, in the number of regions of 
chemical inhomogeneity in the original glass. A decrease 
in an over-all number of particles with an increase in their 
mean size points to a process of isothermal distillation and 
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TABLE 1 


The Influence of the Extent of the Thermal Treatment of the Glass Na-7/ 23 Which Had Been 
Quenched from 850 (Sample A) on the Magnitude of the Pore Volume and Radius in the Porous 
Glass Obtained by its Leaching with 3 N HCl at 50° 


Temperature of thermal treatment 


580° 590° 600° 620° 


Time, hours 0 1 5 48 120 | 480] 48 240} 120] 264] 48 
cm*/g | 0.160} 0.174] 0.180} 0.213} 0.244) 0.291] 0.180) 0.177) 0.174] 0.162) 0.176 
15 34 39 170 | 200] 19 20 24 18 15 


cm? 


condensation. Supposing that the processes which are 
taking place in the investigated glasses result from the 
attempt of these systems to attain thermodynamic 
equilibrium, we consider the following analogy to be 
in order. As O. M. Todes has shown [12], the kinetics 
of the condensation process are described by equation 
a [1], which is formally analogous to the Smolukhovsky 
equation for the coagulation of colloidal particles, but 
differs from it in the value of the velocity constant. 
(1) 
Fig. 3. The dependence of the magni- _— 
tude of the unit volume, 1/ N,_on the Here, N is the number of particles per unit volume 
time of thermal treatment t i = N, + kt) of the system at the time t ; Ng is the number of particles 
a) Initial,530° b) Quenched,530° c) Quenched, per _ peers at the initial time;and k is the velocity 
510° d) Quenched.485° constant for the process. 
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Equation (1) has a statistical character and is 
strictly valid only after a definite time interval, during which the system enters into a stationary type of distri- 
bution, This period is the shorter, the higher the temperature. 


Supposing the pore form to be close to that of a sphere, the number of pores (and, accordingly, the 


number of leached regions of chemical inhomogeneity, as well) in 1 cm? of porous glass can be calculated from 
the equation 


(2) 


3 


where y, is the over-all volume, r is the pore radius of the investigated porous glass and A = 2.18 g/cm* is the 
specific gravity ofthe"baked” porous glass (quartzite). 


The calculated results are shown in Figure 3 in the coordinates 1/N, T; where 1/N is the magnitude 
of the unit volume, 


It is clear from Figure 3 that the kinetics of the process of the growth of those regions of chemical 
inhomogeneity which are leached out by the acid is quite satisfactorily described by the equation (1) of 
O. M. Todes. In Table 2 there are presented values for the velocity constantof condensation at various 
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TABLE 2 


Glass k, cm*/hour 
A 485 0.0965 
510 0.27 


530 2.04 


485 0.0667 
530 1.99 


ternperatures, these being determined from the slopes of the straight lines 1/N (t). 


The mean value of the apparent energy of activation of the condensation process in glass Na-7/23 
proves to be equal to 90 kcal/ mole, which clearly indicates a connection with processes of viscous flow in 
the glass [13]. 


A deciphering of the nature and the kinetics of those processes which occur in sodium borosilicate glass 
during its thermal treatment would open up the possibility for the controlled production of porous glasses having 
a specified structure, including those which are bidispersing and which have wide pores (with radii of the order 
of hundreds or thousands of A). 
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THE THERMODYNAMICS OF THE REACTION OF DEPHOSPHORIZATION 
OF IRON 


I1.Yu. Koshevnikov and L. A. Shvartsman 


(Presented by Academician G, V. Kurdyumov November 5, 1956) 


A great deal of work has been devoted to the investigation of the distribution of phosphorus in the metal~ 
slag system [1-4]. Because of experimental difficulties, however, exact values have not been obtained for the 
thermodynamic functions for the reaction of dephosphorization of iron by slags of various compositions. 


In the present work there has been applied a new method for investigating the equilibrium distribution 
of phosphorous [5] which, in principle, amounts to the successive saturation of the metal at constant temperature 
with radioactive phosphorus which had been initially introduced into the slag. From the temperature dependence 
of the distribution coefficient of the phosphorus Lp, it is possible with this method to calculate, not only the 
heat effect, but also the entropy change in the dephosphorization reaction with a slag of definite composition. 


For any choice of molecular composition of the molten slag, the equilibrium constant for the reaction 


P + 5/,Fe** + = + 5/, Fe 


can be written in the general form: 


K,= Lye (SC) @) 


where ¢ ( 2 C;) is the ratio of the equilibrium concentrations of those substances, with the exception of phosphor us, 
which participate in the reaction and  ( Ly ;) is the ratio of the activity coefficients of all of the participants 

of the reaction. These functions are of unknown form. Under the experimental conditions, however, g(ZC;) 

does not depend on the temperature, Accordingly 


dinK, dinLp  din(3¥,) 


from which 


RT? 


The quantity AH, which is determined from the equation 


AH 


og +8. 


: 

(3) 
dinLp AH 

(4) 

. 
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proves to be equal to the heat change, AH®, for the reaction between the pure substances plus the heats of 
mixing, AH nix: 


As standard states there have been taken 1% solutions of the phosphorous in the metal and in theslag. 
The quantity B is then equal to AS’ /4.573 where AS® is the entropy change for the transfer of phosphorus 
from the 1% iron solution into the 1% slag solution. The quantities AH and as® depend on the slag composition. 


Experimental fusions were carried out in the induction furnace of the apparatus which is schematically 
represented in Figure 1, About 50 g of electrolytic iron was introduced into the magnesite crucible 1 which 
was fixed in the cup 3 by the magnesite filling 2. Through the quartz tube 4 in the water-cooled metallic cap 5 
there was carried out the introduction of purified nitrogen and the measurement of the temperature of the molten 
iron, use being made of the prism 6 and an optical pyrometer of the MOPT - 48 type. Through the funnel 9 
slag containing radioactive phosphorus (P™), was delivered onto the surface of the molten iron 8 at constant 
temperature, This slag rapidly fused and passed through the walls of the cruicible 1 into the filling. A definite 
quantity of the P*? was thereby transferred from the slag into the iron. Decision as to the attainment of 
equilibrium in the phosphorus distribution was based on the constancy of the activity in 3-4 metallic samples 
which were removed by suction through the 2 mm quartz tube 10, 


The quantity Lp was calculated as the ratio of the count rates for slag powders and for metallic samples 
from “thin layers .*. The magnitude of the errors of determination amounted to + 1.8% for Lp and + 2.7% 
for AH. Experiments were carried out over the temperature interval 1560-1810°. 


As the simplest standard system there was chosen a ferrous slag into which those cations (Ca, Sr and 
Bat+), which, markedly differ from one another in regard to radii, had beea introduced in the form of oxides. 


The data on the distribution of phosphorus between the iron and the ferrous slag is described by the 
equation 


6 
log Lp = 1° __ 6.41, 


according to which the magnitude of AH is equal to -50,000 cal/ g-atom, In this case 


—8 
YPO, 


Ka => ALp Yp 9 


where A is a coefficient for passing from weight percentages to mole fractions. 
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Fig, 2, The relation between AH for the dephosphoriza- 
Fig. 1. Diagram of the apparatus, tion reaction and additions of CaO, SrO and BaO to the 
ferrous slag and of SiO,, P,O,; and Al,O, to calcio-ferrous 
slag, 


From the temperature dependence of K, we find 
—3 
= AH + — AHP... (8) 


P 
OH nix remains unchanged for slags of more complex composition since a solution of phosphorus in iron 
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is idea lly dilute at small concentrations, Thus an alteration in the value of AH, as determined for slags of more 
involved structure, is a mere reflection of an alteration in the magnitude of the heat of mixing of P,O,; with the 
slag melt. 


The cation Catt, as well as those of Sr and Bat, possessing larger radii than Fe**, increase the heat of 
Reaction (1) by 14,000 and 9,000cal/g-atom,respectively (Fig. 2). This does not lend support to an assumption 
of the formation of phosphates of Ca, Sr and Ba during dephosphorization, but rather indicates an increase in 
the stability of the PO?’ ion. Up toa certain definite limit there is possible a gradual replacement of the Fe** 
positions in the PO;° coordination sphere by Cat, Sr, or Batt ; beyond this the composition remains constant. 
At the same time A H for Reaction (1), gradually increasing, reaches a definite value which is also invariant. 
The maximal value of the heat change accompanying Reaction (1) is observed for FeO—CaO melts. The failure 
of AH to increase on replacing CaO by SrO or BaO can be explained with the help of the following assumptions. 
In the sequence Fet, Cat, and as a result of the particular ratio of radii, "closed" quasi-crystalline structures 
are to be anticipated in those micro-regions of the slag melt which contain the phosphate ion [6]. 


Similar structures are observed in cubic lattice 
crystals when the ratio Rcation / Ranion is less than 
0.414 [6]. In the sequence under consideration this 
ratio is less than 0.39 and amounts, respectively,to 
Peet+/Rpo-3 0,303 and = 0.387. For 
a "closed" Structure, weakening the electrostatic 
force of the cations leads to a strengthening of the covalent 
P-O bond in the phosphate ion and this appears to be the 
cause of the increase AH for Reaction (1), 


0% mole fract, 
The cations of Sr** and Ba** are larger than Ca*t 


and with the introduction of these into the ferrous slag 

the quasi-crystalline structures inthe above-mentioned 
Fig. 3. The influence on the entropy change micro-regions of the melt clearly open up, since the 
in the dephosphorization reaction of additions ratio Reation/Ranion in this case exceeds 0.414 and 
of CaO, SrO and BaO to the ferrous slag. amounts to 0.465 and 0,523, As a result there arise 
inthe melt cation — cation and anion — anion repulsive 
forces which increase the energy of fusion and, at the 
same time, compensate for the energy gain arising 
from the interaction of the anions with the relatively 
weak cations Sr and Ba**. 


P, gi0 


It has been found that an increase in the concen- 
tration of CaO or of SrO or BaO in the ferrous slag leads 
to a continuous increase in the entropy change for Reaction 

(1). Thus there is an increase in the entropy change of 
- AS. GEES. Reaction (1) with an increase of cation radius in the order 
ontent 5i0,, AL,0,,P,0, + + + 

Fe™, Cat, Sr", Ba"", this corresponding to a loosening 
of the “structures” of the slag melt, i.e., to an increase 
in the "free volume" in which the relatively large POZ3 
ions can be distributed, Analysis of the experimental 
data also shows that at a fixed molar concentration of CaO, 
= 0.4; SrO or BaO in the ferrous slag, the dephosphorizing ability 
of the oxides increases with the cation radius. 


Fig, 4, The influence on the entropy change 
in the dephosphorization reaction of additions 
of SiOg, PgOs and Al,Os to the calcio-ferrous slag. 
% CaO 
% FeO- % 


% C20 2.05 
b— 


The quantitative influence of CaO on Lp can be expressed by the following equation, valid for Noat+ 
greater than 0,18: 


log Lp = — 6.41 4 2.5N (9) 
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where Nca** is the ion fraction of calcium (according to M. I. Temkin [7]and 6.41 is the entropy term of 
Equation (6), 
Thus the cations Ca++, Sr and Ba++ aid dephosphorization by increasing both AH and AS®, For the 


relatively weak cations Sr andBa**, however, the influence of the entropy factor is, in comparison with 
that of the energy factor, more pronounced than is the case with the stronger Ca* cation. 


The acid oxides SiO, and P,Os exert a substantial influence both on the thermal effect and on the 
entropy change of Reaction (1). Addition of SiQ, or POs into the slag of the FeO-CaO system at Nca**> 0.18 
leads to an increase of AH for the dephosphorization reaction (see Figure 2). This can be interpreted i 
supposing that the POZ* ions which are formed through Reaction (1) unite in the slag either with the SiO, 
and the PO; groups or with the more involved silicon -phosphorus- oxygen complexes, It is clear that 
the process of polymerization is accompanied by the liberation of heai, this also being a cause for the increase 
AH for reaction (1), Confirmation of this is the sharp decrease in the entropy of reaction (1) which goes along 
with an increase of the concentation of SiO, or P,O; in the FeO-CaO slag (Figure 4). 


It is important to note that for the dephosphorization reaction the relationship between the energy and the 
entropy factors is such that with additions of SiO, or P,O; to the FeO-CaO slag, increasing concentration in the 
first case decreases the magnitude of Lp and in the second increases it. 


Data on the influence of alumina shows that AH for the reaction of dephosphorization is not changed by the 
addition of Al,O, to the slag of the FeO-CaO system (see Figure 2). With the rise in the concentration of Al,O, 
there is observed, however, a steady decrease in the entropy, without any sort of abrupt concentration change 
(see Figure 4), This corresponds to the fact that the acid properties of Al,O, are weaker than those of SiO, or 
P,O, and, at the same time, points tothe presence in the investigated melts of aluminum in the anionic form. 


The results of this investigation show that an important influence on the equilibrium in the anionic [8] 
dephosphorization reaction is exerted by the entropy factor in the free energy expression, this factor depending 
on the magnitude of the charges and on the mutual positions of the ions in the slag melt, 
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CONCERNING THE DENDRITIC CRACKS WHICH DEVELOP IN PLEXIGLAS 
UNDER THE ACTION OF ELECTRONIC IRRADIATION®* 


B. L. Tsetlin, N. G. Zaitseva and Academician V. A. Kargin 


During an investigation of the transformations which take place in specimens of polymethyl acrylate 
(the samples studied were of Plexiglas, a technical organic glass, based on polymethyl acrylate) under the 
action of high energy radiation, we discovered that in a number of cases cracks of unique dendritic form 
originated and developed in these specimens. 


This phenomenon attracted our attention since an elucidation of the cause and the mechanism of the 
disintegration of structural materials resulting from the action of radiation of this type would be of great 
significance in solving the problem of the application of such substances under working conditions which 
involve radioactive radiational activity. In the course of further investigation, there were established a 
number of features of the development of these dendritic cracks, all of which point to the fact that a truly 
new phenomenon is here under observation, one which is not similar to any of the known processes of crack 
formation in plastic masses, 


This phenomenon is characterized by the following: 


1, The dendritic cracks originate and grow only in the event that a defect is present in the specimen~ 
either one which has been artifically "induced" or one which, existing independently, is related to the technologi- 
cal history of the sample (to its mechanical treatment, for example). 


2. The development of the dendritic cracks in specimens of organic glass proceeds with a definite velocity 
which is proportional to the dose strength. Originating at the mechanical defect, the dendritic cracks gradually 
and uniformly embrace the whole irradiated area of the specimen. The external form of the cracks and the 
process of their development in samples of Plexiglas are shown in Figures 1 a, b and c (the mechanical defect 
was originally induced into the specimen with a punch), 


3. When several defects are present in a specimen there is a simultaneous development of several dendrites, 
the branches of which do not mutually intersect or intertwine. A clear-cut boundary forms between those branches 
of different dendrites which are growing outward toward one another (Figure 1 d). 


4, Cracks develop only in the irradiated portion of a specimen. This is shown in Figure 1, e (the ring- 
shaped section of this specimen which is not penetrated by the cracks was covered, during exposure, by a 
metallic ring; in the course of their development the cracks bypass this sector as if it were a kind of impediment). 


5. The formation and the development of dendritic cracks in Plexiglas is observed only under the action 
of high speed electrons. Cracks do not appear as a result of x-ray irradiation. 


6. The dendritic cracks arise only in those specimens for which the thickness is in excess of that depth 
of material which is penetrated by the electron beam. The accelerator, which served as the source of high 
speed electrons in our experiment, so functioned (700 Kv potential) that the minimal thickness which was adequate 
for crack development amounted to 1,7-2 mm. 


* This work was carried out in 1950-51; the results were presented in a report of the Institute of Physical 
Chemistry of the Academy of Sciences of the USSR, No. 676 (April, 1953). 
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Fig. 1. The character of the development of the dendritic cracks in Plexiglas 
(dose strength, 1.9 x 10° ev/cm.sec; specimens photographed in transmitted 
light: a, b, c) Crack distribution in a specimen with a single "defect" (irradia- 
tion of 10 sec, 1 min and 15 min, respectively),d) Crack system in a specimen 
with several “defects” (15 min irradiation),e) Cracks in a specimen, a ring- 


shaped section of which was covered with a screen during exposure (5 min 
irradiation), 


7, The nature and the rate of the process of development of the dendritic cracks are uniquely determined 
by the distribution of the defects and the dose strength; they do not depend on those internal strains which can 
exist in the glass-like polymer. Thus on irradiating a specimen of Plexiglas which had been previously annealed 
by heating for many hours at a temperature of 130° C, the net of dendritic cracks which developed (naturally, 
after the induction of a mechanical defect) was the same as that which resulted from the irradiation of 
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unannealed specimens. This same net of cracks also developed in a specimen which had been previously 
strongly strained at 130° and thenrapidly cooled; there was a complete absence of any tendency toward “orienta- 
tion” of the cracks in the direction of the internal strain (the presence of such strain was established by viewing 
the sample through crossed polaroid plates). 


8. The dendritic cracks are internal cracks and do not appear on the surface of the specimen. This fact 
was established by direct microscopic investigation of the samples. 


9. These cracks are “empty”; they are not “canals” through which gases formed during irradiation of 
the Plexiglas can escape into the surrounding atmosphere. This follows from the observation that the cracks are 
readily colored during their growth, i.e., they fill up with dye solution if the latter, during irradiation of the 
specimen, is in contact with the defect from which the cracks originate. This phenomenon was studied in 
experiments which were carried out with the irradiated specimens placed in a flat cell (of a depth somewhat 
less than their thickness) which was filled with an aqueous methyl violet solution (in this case the defect was 
induced on the side surface of the specimen). 


10. The rate of crack growth decreases with an increase in the temperature under which the specimen 
is irradiated, as is shown in Figure 2, This indicatesthatrelaxation phenomena play a definite role in the 
process of the development of the dendritic cracks, 


It has been further established that this process of development of dendritic cracks under the action of 


high speed electrons is common to all organic glasses * which underscores the interest attaching to the phenomena 
here described. 


cm/min The experimental data which as been obtained is 
clearly insufficient to warrant drawing definite conclusions 
regarding the mechanism of the process which is under 
discussion. However, the observations which have been 
made permit certain preliminary conclusions as to the 
probable causes of this phenomenon. 


It is obvious that the cracks arise as a result of the 
appearance of internal strains in the irradiated material, 
these causing the destruction of the specimen at its 

er points of greatest weakness, which are the openings of 
those micro-cracks which are formed during the induction 
Fig. 2. The relation between the of the mechanical defect, The dendritic character of the 
temperature and the rate of propa- developing cracks is related to the fact that the strains 
gation of dendritic cracks in Plexi- which arise from the action of irradiation are uniformly 
glas, Dose strength 1.9 x 10% ev / distributed across that entire section of the specimen which 
cm*s sec, is perpendicular to the direction of the electron beam, 

For the complete development of the crack net, this leads 
to equality of the sums of the crack areas in each element of specimen surface, regardless of the distance of this 
element from the defect. At any one time, irregularity in crack growth at various pointsin a specimen is caused 
by the fact that crack growth can begin only at a defect position. Spreading in this way, beginning with a defect, 
the crack gradually distributes itself throughout the entire specimen and in the course of its development, being 
itself nonhomogeneous ("defective"), it undergoes branching. Thus the cracks are larger in those elementary 
sections where their absolute number is small and, where there are many of them (as a result of branching), 
their mean size is smaller, which, in turn, fixes the dendritic form. 


For the elucidation of the possible causes of the phenomenon under consideration it is important to note 
that the crack development is closely connected with the existence of a clear-cut boundary between the irradiated 
and the nonirradiated layers of the specimen; this follows directly from the previously adduced characteristics 


of the crack development. It is obvious that on this boundary there arise mechanical strains; in part, because of 
volume contraction of the Plexiglas resulting from its radiechemical destruction (it is known that this is 


* Data on crack development in various organic glasses will be separately reported, 


ae 


accompanied by the liberation of a large quantity of gaseous products; see, for example [1, 2]) and, in part, 
because of an accumulation of electronic charge. In the formation of these strains, it is likely that a large 
role is played by the low molecular products from the radiochemical disintegration of the polymer, these 
products forming supersaturated solutions throughout the entire specimen volume. These low molecular products 
can be adsorbed in the openings of those micro-cracks which are present in the “defective” specimen. The 
molecules of such products, adsorbed near the boundary of the layer of material which is traversed by high speed 
electrons, can have an excess of like charges (because of the capture of electrons which have been decelerated 
in the specimen). The electrostatic interaction of these charges also brings about, in all likelihood, a further 
growth in the micro-cracks, from which there are again formed “fresh” surfaces for adsorption, and so forth, 
The branched crack system of dendritic form appears as the result of this process which is continually taking 
place during the action of irradiation. 
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THE ROLE OF THE GASEOUS MEDIUM IN PROCESSES OF 
DISINTEGRATION OF COAL 


I. L. Ettinger, E. G. Lamba and V. G. Adamov 
(Presented by Academician A. A. Skochinsky June 6, 1956.) 


Much practical interest attaches to the question of the influence on the mechanical properties of 
coal of the gaseous medium in which the coal exists in most beds. This consideration was responsible for the 
initiation of work toward the explanation of the role of the gaseous medium in the processes of disintegra- 
tion of coal, The technique applied in this work has been described in an earlier communication [1]. In the 


present investigation there has been studied the relation 
between the effect of the gaseous medium on the strength 
of pit coals and the natural dislocations in their structure, 


or the extent of their metamorphism, as well as the effects 
of different gases, 


33 


Those manifold defects which are concentrated at 
the weak points of solid bodies exert a pronounced in- 
fluence on their mechanical properties. These defects 
can be of very different magnitudes, ranging from imper- 
fections in the crystal lattice up to visible fissures or 
cracks, Surface defects are particularly important for 
such a highly porous body as coal, since the latter, in 
the bed, exists in a gaseous medium which it is capable 
of adsorbing readily on its surface, 


8 


8 
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“ The work of P. A. Rebinder and his collaborators 

£ (2, 3] has shown that adsorbed molecules penetrate into 

the depth of a solid by two-dimensional migration through 
positions of weakened bonds and along thin, incompletely 
developed fissures. As a result of the decrease in surface 
tension, these adsorbed molecules aid in the development 
of new surface defects, or micro-fissures, and prevent these 
latter from again fusing together, These ideas, which have 
been developed for the solid-liquid system, can be extended 
to the coal-gas system. During deformation new inter- 


faces are formed which penetrate into the coal as wedge- 
shaped cracks. In the’ presence of an easily adsorbed gas, these newly originated surfaces become covered with 


adsorbed layers. The penetration of such layers is hindered by steric factors, in the event that the width of the 
cracks is less than the dimensions of the adsorbed molecules. 
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20 30 40 
Quant, of dust from crushing coal in air 


Fig. 1. The relation between the crushing of 
coal in the coal-air and the coal-CO, systems . 


The natural micro-cracks are defects which, as a result of gas adsorption, bring about a decrease in the 
strength of pit coals in the bed, The initial conditions of formation of coal beds and the subsequent tectonic 
processes lead to the appearance in these beds of separate sections of high degree of structural dislocations 


{1, 4]. As the degree of dislocation in the coal rises,the depth of the micro-cracks increases and the mean 
distance between them diminishes. 
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Type of fracturing We have carried out aie, denen of the strength 

i a Be ee of the coals in a group involving five types of structural 

ie dislocations (more than 100 specimens). The coal hardness 
. was determined in air, CO, and CH, at a pressure of 40 
atmospheres. Carbon dioxide, as well as methane, is 
characterized by physical adsorption. The coal samples 
were tested in air after they had been degassed of methane 
followiifg their removal from the bed. 


e of CO, 


In Fig, 1 there has been plotted on the axis of 

| abscissas the amount of dust which is formed during 

° crushing of the coal in air (in percent of sample weight) 
Pisa | and on the axis of ordinates the quantity of dust formed 
during crushing in CQ). 


Quantity of dust from crushing coal 


in an atmospher 
8 


log 0.02 logp.06log0.25 logo. 84 
Logarithm of the mean distance 
between cracks 


In the absence of action of the carbon dioxide 
gas on the coal, the quantity of the dust in two experiments 
would be the same, i.e., the points corresponding to the 
various specimens should be distributed with a definite 
spread around the straight line 1. However, the points 
fall above this line and in such a way that they depart 
from it more and more as the yield of dust in air increases. 

abit. The physical meaning of this phenomenon is the following: 
> bs the hard coals with low degree of fracturing do not possess 
those concealed defects (micro-cracks) on which the gases 
might act in the direction of decreasing hardness, Coals 
with a higher degree of fracturing, ones which are easily 
crushed, even without the action of a gaseous medium, 
are characterized by a large number of micro-cracks 
along which gas can penetrate from the external medium. 
As a result of such penetration, the hardness of weak coals 
is still further diminished, sometimes by a factor of two, 
in comparison with the hardness of the coal in air. 


Fig. 2. Therelation between the natural fracturing 
of coal and its crushing in the coal-CQ, system. 
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in CO, 


The experimental points which cover the relation 
‘ : , between the yields of dust in air (Qajr) and in carbon dioxide 
M0 1 20 8 0D 45 (Qco,) are distributed around the straight line II, By the me- 
Yield of volatile substances, % VS —_thod of leastsquares it is possible to find the magnitude 
of the coefficient k in the equation of this line 


Fig. 3. The influence of the extent of metamorphism 
on the crushing of fractured coals (fracture types IV The result thus obtained is k = 1.34, 


d i 
and V) in CO, In Figure 2, in semi-logarithmic coordinates, 


there has been plotted the mean distance between cracks (as a measure of the fracturing in the coal) and the 
yield of dust in an atmosphere of COg. The relationshipbetween the fracturing of the coal and the dust yield 
is here quite obvious, 


Because of the diminution of the free surface energy through gas adsorption, there is a penetration of 
gas into the original thicro-fissures of tectonic and endogenic origin and additional deformation arises there 
from the splitting effect of these adsorbed layers. Thus it is not only on the large surfaces, but in the micro- 
fissures as well, that disintegration of the coal takes place as the result of the mechanical interaction which 
occurs in the gaseous medium. If such initial disintegration is lacking in the coal, the gas itself is unable 


to bring about the appearance of new gas-coal interfaces to facilitate the disintegration of the coal along 
new surfaces. 


In analogous experiments which were carried out in the coal-methane system, the observed effect was 
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the same as in the coal-CQ, system, but not so pronounced, The mean increase in the dust yield in methane, 
as compared with air, was equal to 1.25, 


In the coal bed, where the coal is saturated with gas under natural conditions, the influence of the gaseous 
medium on the coal strength is manifest in the following way: the reported instances of the softening of coal 
by gassing of the cut amount, , not to a softening, but rather to a failure of the coal to harden. On the edge of 
the coal seam there is formed a very thin layer which is almost 100% methane, Under active ventilation this 
layer is, as it were, continually stripped away. The yield of gas from those coal layers which are close to the 
front of the face is thereby considerably increased while the rate of diffusion of gas out of the depth of the 
cual in the seam toward the edge of the face lags behind the rate of gas evolution in the working. The gas 
pressure in the pre-face zone of the seam accordingly falls somewhat, the loosening action of the adsorbed 
gas in the micro-cracks diminishes and the miner is subjectively aware of an effect of coal hardening. When, 
however, the ventilation is cut off, its stripping action ceases and the coal no longer hardens. 


It is aninteresting question asto whether it is possible in a laboratory experiment to bring about the fusion 
of the micro-cracks by uniform compression of the coal. A diminution of these micro-cracks should diminish 
the effect of the action of the gaseous medium. Experiments were carried out in a high-pressure apparatus, 
the coal being placed in oil, To prevént this oil from penetrating into the coal, the specimens were wrapped 
in thin sheets of rubber. Uniform compression of the samples was carried out at pressures of 1000, 2000, 3000 
and 4000 kg/cm. No difference was noted, however, in the action of the gaseous medium on the compressed 
and on the uncompressed specimens. The differences in the results of their crushing fell within the limit of 
this usual distribution of data. It is obvious that the adsorbed gas layers which remain in the micro-fissures 

do not permit these to close up under uniform com- 


pression, 
a 0} Within the limits of a single petrographic type the 
5 ° less stable caals are those of an intermediate degree of 
4 4 metamorphism (K or PS), The younger and the older coals 
4 possess higher stability under mechanical action [5]. 
é 40} In order to follow the connection between the 
B effect of gas action on the strength of coals and the 
4 - | extent of their metamorphism, coals have been compared 
4 ~ which had the same degree of fracturing but different 

In Figure 3 (coals of typesIV and V fractures) the 
Fy 2 3 } greatest yield of dust is observed for coals of intermediate 
degrees of metamorphism; this is in agreement with the 

L 


results of other authors, The natural fracturing of pit 
coals is a basic factor in the softening action of gas on 
the coal. The extent of metamorphism under a single 
type of fracturing is similarly reflected in the mechanical 
properties of the coal in the system air-coal and in the 
system (easily adsorbed )gas-coal. 


Quantity of dust from crushing coal 
in air 


Fig. 4, The decrease in the strength of coals 
resulting from their saturation with various gases. 
Experiments: a) Carbon Dioxide, b) Methane, Adsorbed layers distribute themselves over the 
c) Hydrogen surface of a solid body by two-dimensional migration 
of surface-active molecules. When the gas approaches 
the openings of the micro-fissures, those molecules which are most firmly adsorbed on the surface of the coal 
will leave behind all of the other molecules and will insure the greatest effect of the action of the gaseous 
medium, Insucha case the highest activity must be shown by the gas which is best adsorbed. If this adsorption 
effect wete lacking, the greatest activity would be associated with the gas of smallest molecular dimensions. 


In Figure 4 there are shown the results of the diminution of the mechanical strength of pit coals under the 
action of various gases, The highest activity is found with carbon dioxide, followed by methane, whereas 
hydrogen is practically without influence, although the effective diameters of the molecules are: Hy 2.74 A, 
CH, 4.14 A,and CO, 4,59 A, The sorptive capacity ofcoals with regard to these gases also decreases in the 
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order CO,, CHy, Hz. This confirms the correctness of the picture which has been obtained of the sorptional 
action of gases on the mechanical properties of coals. 


In conclusion, we consider it a pleasant duty to express our thanks to L. E. Shterenberg for his aid in the 
selection of coal samples and in their classification and to V. S, Voblikov for help in carrying out the experiments 
on the uniform compression of the coals. 
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THE MECHANISM OF POLARIZATION DURING POLAROGRAPHY OF THE 
SIMPLE IONS OF NICKEL AND COBALT 


Ya I. Turyan 


(Presented by Academician A. N. Frumkin September 15, 1956) 


Insufficient study has been given to the problem of the mechanism of polarization during polarography 
of those ions of Ni?” and Co” which give tise to the so-called irreversible waves. There is even very little 
data to be found in the literature on the polarographic characteristics of the simple ions of Ni?” and Co" 
the presence of various “indifferent” electrolytes. This has led to a number of contradictory results, Tine, 


Py2 co" in some works [1, 2] is equal to—1.23 v, whereas in others [3] it is equal to—1.44 v (normal calomel 
electrode), 


a“ In reference [4] there was investigated the polarization during the polarography of the simple ions of 
Ni?” and Co” with a background of 0.1 M KNO . Certain data [4], in particular the slope of the straight line 


Y, log ij , speak for the applicability of the theory of delayed discharge as an explanation of the mechanism 


of polarization. For further testing of the theory of delayed discharge it was very important to investigate 


the influence of the nature and the concentration of the background and to this problem the present work is 
devoted. 


This investigation* was carried out in an apparatus of the manual type with the normal calomel electrode 
for reference, The reference electrode and the measuring devices were standardized wore the polarogram of TI* 
in 1 M KNO3. The temperature of the measurements was 25 . 0. 3°, For.the study of Ni®* the capillary charac- 
teristic was = 1,60 mg?/3 sec4/2; for the study of Co®* it was = 1,02 mg*/8 sec, The re- 
sistance of the cell was determined from the polarogram of Cd**, which was introduced into solution after taking 
the polarogram of Ni?* or Co**, Polarography was carried out in the absence of suppressors of maxima, With a 
view to excluding the possibility of complex formation, nitrates, perchlorates and sulfates were chosen as back- 
grounds, 

Nickel, The data obtained (Tables 1, 2; Figures 1, 2) make it possible to explain the irreversibility 
of the polarographic wave of ni* by the delay of ionic discharge. According to the theory of A. N. Frumkin 
concerning the delayed discharge [5, 6], the equation of the irreversible polarographic wave has the form: 


from which the half-wave potential is: 


RT 1—a 
= const — Inip — 


* G.S. Koshkina andB, Sh. Peltina participated in the experimental part of this work. 
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TABLE 1 


The Constants of the Diffusion Current and the Half-Wave Potentials of the Simple - 
Ions of Nickel and Cobalt on a Background of Various “Indifferent” Electrolytes 
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Here ip is the constant of the diffusional current. The dependence of the negative y, -potential on the 
concentration ofa uni-univalent electrolyte is expressed by the equation [6]: 


= const’ Ine. 


All of these equations are well confirmed by the experimental data: 


1. The relation ¢, log shine is linear [Figure 1, Equation (1}} with a slope of 0,060 - 0.080. Taking 
d 


0.070 asa mean slope, we obtain the result a = 0.42. This conclusion, which has been earlier developed [4] 
for 0.1 M KNO,, can be extended to solutions of perchlorates, sulfates and nitrates of varying concentrations. 


2. The half-wave potential does not depend on the concentration of ni* [Table 2, Equation (2)]. 


TABLE 2 3. A linear relation is observed between @, and 
Half-Wave Potentials of the Simple Ions of the logarithm of the concentration of the uni-univalent 
background [Figure 2, Equations (2, 3)}. A ten-fold 
Nickel and Cobalt at Various Concentrations 
increase in the background concentration displaces 94), 
in the negative direction by 0.074 v, which from Equations 
Background 1 M NaNOs |Background 1 M NaClO, (2) and (3) gives a = 0.44, a value which agrees well with 
that obtained from the slope of the straight line 
Coot+ 


The somewhat lower value for at 


c = 1 M@Figure 2) and the passage 44, log c curve through 
eo a maximum in the case of the solutions NagSO,, Ca(C104), 
1.09 ; ; and Ca(NOg3), (Figure 2) is to be explained by a decrease 
1.09 : ‘ in the constant of the diffusional current with increasing 

background concentration (see Table 1), Actually, the 


Nit Co*+ Ni*+ 
Oe! a og, > 
NaNO, 
: 0.01 M 1.12 | 3.09 | 1.34 
0.03 * 1.12 | 2.89 | 1.42 
1.12 | 2.60 | 1.50 
1 1.04 
NaClO, 1,06 | 2.87 | 1.27 
0.01 M 1,08 | 2.78 | 1.32 
7 0.034 1.09 | 2.89 | 1.36 
1.08 
0% 
{ 1.05 
Na SO, 1.07 
0.034 M 1.09 
0.11 
0.18 
4 0.32 
1.03 
a 198 


i 
a = 0,063); b) 0.1 M NaNOs (tan & = 0,064); c) 0.1 M Ca(ClO4) 
(tan a = 0.070); d) 0.1 M NagSQ, (tan a =0,072);Co®*: e) 0.1 M 
NaNOg (tan a = 0.106-0.080); f) 0.1 M NaClO, (tan a = 0,096- 
0.068); g) 0.1 M NagSO, (tan a = 0.116); h) 0.1 M Ca(ClO4) 
(tan a = 0,128-0.086). Concentration of metals, 0.1-0.2. 

m moles/liter. 


Fig. 1. The relation ¢, log i *Niz*; a) 0.1 M NaClO, (tan 


introduction of a correction for the change of iy [accord- 


ing to Equation (2)] leads to an increase in the value of 
1/2 With increasing background concentration, 
4, The nature of the anion (NO; , C104) is 
practically without influence on the value of 4/2 
| In the presence of SOf , is displaced in the negative 
Sab Pl direction (Figure 2), which may be the result of association 
aie a of the Ni? and sor ions, Other authors[7, 8] have already 
it observed a similar effect of sulfates on the potential of 
. deposition of Ni* on a solid cathode. It is interesting 
10+ to note the considerable decrease in the constant of the 
diffusional current with increasing concentration of 
ag. L ‘ sulfate (see Table 1). The replacement of a univalent 
0 cation background (Na‘) by a divalent one (Ca®") leads 
log c¢ background cation to a displacement of 44/2 in the negative direction Figure 
2), a fact which is connected with the movement of the 
Fig. 2. The dependence of of 1-potential in the positive direction [Equations (2, 3)]. 
and Co*" on the logarithm of the con- We note in conclusion that in investigating the 
centration of the background cation: electrolysis of Ni on a solid cathode [8], it was also possible 
a) ni* A c) NaNOs, d) to explain the mechanism of polarization by delayed 
NaClOg, ) f) Ca(ClOgp, ionic discharge. 
g) Ca (NOs). 


Cobalt, A series of facts indicate the theory of 
delayed discharge to he also applicable for the explanation of the irreversibility of the polarographic wave of 
the simple cobalt ions, 


1. The half-wave potential does not depend on the concentration of coe (Table 2). 


2. Between 4, and the logarithm of the concentration of the uni-univalent background there is observed 


a linear relationship with a slope of 0,105 Figure 2), from which there follows a = 0,36, a result somewhat 
lower than for Ni, 


Nee 
+ 
afoec 8 h 
| 
-~ 
ye 
4, 
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3. As in the case of ni’, use of a background with a polyvalent cation Ca** leads to a significant of 
#if in the negative direction (Figure’2) at the expense of a movement of the y,~potential toward the positive 
side. A background with SO4 ~anions shows a more negative Yip» especially under large sulfate concentrations, 
than does a background with ClO, ~anions (Figure 2). Obviously, this is connected with the phenomenon of 
association, just as in the case of Ni 


There are, as well, divergences in the polarographic behavior of co in comparison with that of Ni?’; 
namely the Co wave ona background of nitrates or of perchlorates is not symmetrical, and the relation 


Y, log <r has a break at the point gy, (see Figure 1), This straight line break is, in many experiments, 


not large, especially on a nitrate background, and for this reason it was not noted in earlier work [4]. The 
cause of the lack of symmetry in the Co” wave is not yet clear. On the whole, the Co” wave is more inclined 
than that of Ni? , which qualitatively agrees with the above noted smaller value of the coefficient a. 
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CONCERNING THE FLOW OF LIQUIDS IN NARROW GAPS BETWEEN 
APPROACHING PLANE SOLID BODIES 


G. I. Fuks 
(Presented by Academician P, A. Rebinder August 4, 1956) 


The relation between the width of the gap separating plane parallel circular disks in a liquid of 
viscosity n and the time, t, required for pressing these disks together or for pulling them apart is given by 
the Stephan-Reynolds Equation in the form 


(1) 


where r_ is the radius of the disks; Hy and Hp are the initial and the final widths of the gap between therm and F 
is the normal force which is pressing the disks together or separating them. For the case of large gap widths 
Equation(1)has been theoretically justified [1] and experimentally confirmed in the works of a number of 
authors [2, 3], including our own [4]. 


In the separation of adhering disks, hg is as a rule >» hy, and Equation (1) can be written in the following 
form: 


4Fh? (2) 


That is, the time for separation is inversely proportional to the square of the magnitude of the initial gap width. 


Carrying F and 7 into the left-hand side of the equation, thus leaving in the right-hand member, only 
the geometrical dimensions of the disks and the gap, and dividing both sides of the equation by S, the disk 
area, there is obtained 


to 3rré 


— _ = 
n 


where o =F/S is the specific force which is pulling the disks apart. The product to has the dimensions of 

dynamic viscosity, whereas the ratio to/n is a dimensionless coefficient, characterizing the mobility of the 
liquid in the gap between the disks. Introduced in[4] in another connection, this quantity was designated as 
the coefficient of boundarycondensation and was represented by the symbol y. 


In earlier communications [5, 12] there has been described a method which permits the measurement, 
with an accuracy of 0,01 seconds, of the time for pressing together and for pulling apart plane parallel disks; 


fi > 
7 1 1 
\e = 
1 2 
as 
: 
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and is nonlinear, 


TABLE 1 


The Gap Between Horizontal Plane Parallel Disks Im- 
mersed in Liquid and its Dependence on the Time of 
Contact and on the Force which is Pressing the Disks 
Together (Temperature 20+ 2°, Disk Area 1.13 cm*) 


simultaneously the width of the gap between these disks can be determined over the interval from 20 to 0,02p. 
Application of this method indicated that Equation (1) is not valid for disks which are separated by sufficiently 
thin layers of mineral, or other lubricating oils, by solutions of stearic acid in organic solvents and by aqueous 
electolytic solutions, This isshown, in particular, by the fact that t and y strongly depend on the composition 
of the liquid and the material of the disks and on the time of their preliminary contact. New experimental 
data (Table 1 and Figure 1), obtained by this same method, show that during the flow of the indicated liquids 
in the narrow gap between approaching disks the following deviations are to be observed from the law which is 
expressed by Equation (1); 1) there is a delayed flow of the liquid out of (and into) the space between the disks; 
2) a residual layer is formed which, over the time of measurements (up to 36 hours), is not exuded by loads as 
high as 8 kg/ cm’; 3) t increases with increasing duration of contact and 4) the relationship between tand 1/F 


between quartz disks it 


is 80. 


Force. Duration 
Disk ee pressin of con- 
material| Liduid 510 tact, 
g/cmé min 
Quartz 0.005 N aq. 
NaCl soln, 0.08 60 0,27 
0.1 N aq. 
“ NaCl soln, 0.08 60 0.41 
2 Ditto 4,0 10 1.16 
a Ditto 4.0 20 0.095 
¥ Ditto 4.0 30 0.045 
‘ Ditto 4.0 60 0.045 
Steel | 0.5% stearic 
acid in 
butyl ale, 2.0 10 0.15 
i Ditto 2.0 30 0.045 
Quartz | Ditto 2.0 30 0.025 
Brass Ditto 2.0 30 0.06 
t Turbine 
0.08 10 | 2.48 
Ditto 0.08 60 1.13 
" Ditto 0.08 120 0.36 
Ditto 1.0 10 0.375 
8 Ditto 1.0 60 0.195 
Ditto 1.0 120 0.08 


The delayed flow of liquid into or out of the narrow gap between disks is interpreted as the result of an 
increase of its viscosity and is characterized by a change in the coefficientof boundary condensation. For times 
of disk contact from 1 up to 60-120 minutes under pressures of 1 kg/ cm” and greater, y for the investigated 
liquids increases by a factor of 1,5-2.0, » solutions of the fatty acids in oils under pressures of 0,08-0.4 kg/ cni® 
rises in the course of the indicated time of contact by 20-fold and more. The magnitude of the coefficient of 
boundary condensation depends essentially on the material of the disks and on the composition of the liquid. 

For specimens of purified turbine oil "L" it is equal to 98-10° when between steel disks and to 4.8°10° with 
quartz disks (in both cases: the disk radius 0.6 cm, the specific load 0.6 kg/cm’, the duration of contact 10 
minutes and the temperature 20°), Under these same conditions y for benzene between steel disks is 9000; 


Fig. 1. The change in the gap, h, between 
disks with the time, t, under the action of 
loads of 0.2 kg/cm* (1 and 2) and 4 kg/cm? 
(3 and 4) in transformer oil (1 and 3) and 

in 0.01 N aqueous NaCl solution (2 and 4), 


Our technique is not sufficiently 
sensitive for conclusions to be 
reached as to the change of the depth 
of the residual layer with time. Indirect 


data [6, 7] permit the supposition that this depth does not remain constant, but within the limits of the sensitivity 
of the method this layer is completely stable (see, for example, in Table 1 the gap in NaCl solution after 30 
and 60 minutes of contact), 
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TABLE 2 


The Increase of the Ratio of the Viscosity of the 
Boundry Layer to the Volume Viscosity, measured 
by the Method of Disk Separation (Temperature 
20° 


Disk 
material | 


Quartz | Benzene 
Steel Fraction of vacuum 900 _1350 1800 sec 
60 100 °C 
005,00 015 020% 
Quartz | Ditto 
Brass Ditto 
" Bone oil 
Quartz |0.01 N NaCl solution 
" 0.1 N NaCl solution 


Fig. 2. The dependence of # for turbine oil 

ps "L" between steel disks on the time of disk 
contact, tp (pressure 1 kg/cm?), the tempera- 

ture, t (tp = 600 sec; pressure 2 kg/cm*) and 

the concentration of oleic acid, C (t, = 600 
An increase in the concentration of the surface-active sec; pressure 1 kg/cm?). 

substances and electrolytes lead to a rise in the coefficient of 

boundary condensation, The typical form of the dependence of 

y on these factors is presented in Figure 2, With increasing temperature, the loosening time decreases but y 


can rise, fall, or even remain unaltered, depending on the interrelationship between the temperature coefficients, 
the loosening time,and the volume viscosity. 


Having calibrated the disks with a liquid which, for practical purposes, does not form a boundary layer 
(for example, benzene on quartz) and having determined by an independent method the loosening time of 
the disks and the gap between them, it is possible, with the aid of Equation (2), to calculate the viscosity of 
the investigated liquid in the boundary layer. Certain results from such measurements are shown in Table 2. 
The data obtained indicate that the viscosity rises with a diminution of the thickness of the boundary layer and, 
up to a certain limit, with an increase of the concentration of the surface-active substances and electrolytes; 
on the whole, however, the viscosity of the boundary layer exceeds the volume viscosity by no more than a 
factor of 5, The resulting ratio of boundary to volume viscosity agrees, in order of magnitude, with the latest 
results from the measurements of boundary viscosity by the blowing method [8, 9]. 


hmn 
x 


o—= 


20 20 log C (norm) —~ 


005. 00 025% cd 
010 
Cstear, acid 


Fig. 3, The residual gap, hmin, between steel 
disks in a fraction of — oil "L"; op is the 
compressing force in kg/ cm® and C is the con- 
centration of stearic acid in %, 


Fig. 4. The influence of the concentration ofstearic 
acid on the compressibility of the residual layer between 
steel disks of a solution of this acid in a fraction of the 
the vacuum distillate o1 turbine oil (1) and of the con- 
centration of KCl on the compressibility of the residual 


layer of an aqueous solution between quartz disks (2). 
Temperature 20°, 
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The magnitude of the residual layer, as well as the boundary viscosity, is determined by the nature of 
the solid bodies and the liquid. On quartz, well purified benzene does not, in general, leave a residual 
layer which can be measured by our method, The residual layer thickness of a fraction of the vacuum 
distillate of turbine oi] "L" on steel is equal to 0.09u ; on quartz it is equal to 0.041 (compressing force 

2 kg/ cm). The influence of the remaining essential factors is shown in Figure 3. It is important to note 
the difference in the temperature dependence of the loosening time and the thickness of the residual layer. 
The first invariably diminishes with rising temperature (if side chemical reactions do not occur) and the 
curve y = f(t) has a monotonic course. With mineral oils and solutions of fatty acids, the thickness of the 
residual layer at low temperature does not depend on the value of the latter; with increasing temperature 
there appears a region of sharp diminution of the magnitude of the residual layer, which region can be 
considered as that of partial disorientation of the structure of the boundary layer ("fusion"). This temperature 
is different for various liquids but it is always lower than the temperature of fusion of the boundary layer as 
this is measured under high contact pressures, for example, in the four-ball friction machine [10]. 


Since the thickness of the residual layer depends on the normal pressure, it is possible, for a definite 
pressure interval, to evaluate the compressibility of this layer with the aid of a conventional coefficient 
of uniaxial compression, estimated just as is the modulus of compression. The change in this characteristic, 
Eo,2-2.0 in the pressure interval from 0.2 to 2.0 kg/ cm? is given inFigure 4, The ease of compression of 
the residual layer, at least in its peripheral part, and the dependence of the deformation of this layer on the 
concentration of surface-active substances are striking. 


In the described effect there are manifest the specific molecular-surface properties at the solid-liquid 
interface. This is indicated by the dependence of the indicated effect on surface-active substances and 
electrolytes. It points to the formation, at a depth of the order of 0.4: , of a special structure in the surface 
layers of the investigated liquids (for further details as to the thickness of boundary layers, see [4, 5]). The 
nature of the described effect is not uniform; in particular, it is determined by reversible and by irreversible 
phenomena. If the residual layer of an electrolytic solution is compressed and the load then removed, the 
layer is partially, but not completely, reestablished. In the first effect we see the manifestation of an equili- 
brium loosening pressure [11], whereas the decrease in the viscosity and the irreversible residual layer are 
connected with kinetic phenomena. We note that the delayed separation and approach of disks is also the 
consequence of a decrease in the effective gap which results from the formation of a quasi-solid residual layer. 


The ScientificResearch Institute Received July 18, 1956 
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THE CORRECT FORM OF THE EQUATION OF CAPILLARY CONDENSATION 

IN POROUS BODIES AND ITS APPLICATION TO THE DETERMINATION OF 

THEIR STRUCTURE FROM ADSORPTION AND SORPTION ISOTHERMS, AND 
TO THE SOLUTION OF THE REVERSE PROBLEM 


B. V. Deryagin 
(Corresponding Member of the Academy of Sciences, USSR) 


When adsorption processes are absent, calculation of the vapor sorption isotherm for a porous body of 
known structure, as well as the solution of the reverse problem, can be effected using Kelvin's formula, The 
presence of adsorption layers complicates this calculation as it becomes necessary to take into account the 
total mass of such layers and the difference between half the pore width at the level of the menisci and the 
radius of curvature of the latter. To resolve the latter difficulty,this difference, when working with Kelvin's 
formula, is usually taken to be equal to the thickness of the corresponding adsorption layers. 


However, the author has shown [1] that this method of accounting for the effect of adsorption on 
capillary condensation is incorrect * because the curvature of the surface of the meniscus does not remain 
constant (dotted line in Fig. 1) right up to the line where it meets the surface of the adsorbed layers AA, 
where it should diminish abruptly, but rather varies gradually (continuous curve) under the influence of the 
same forces which give rise to polymolecular absorption. We shall now deduce the equation of capillary 
condensation in porous bodies which applies exactly when the effect of the curvature of pore walls on 
adsorption equilibrium is negligible. ** 


Consider the equilibrium between the adsorbent and the vapor at a pressure p, and let S denote the total 
surface of the adsorbed layer AA; V 4s the volume occupied by the capillary-condensed phase (shaded area 
in Fig. 1) having 2 molar volume vy; W = 1mount sorbed, in moles; [ = amount adsorbed, in moles/cm*, 
Consider (Fig, 2) a virtual "desorption" process (at p = const., I = const.) of (-dW) moles (shaded area** ) by 


isotherma] reversible distillation into the liquid phase having a vapor pressure pp. During the process S will 
increase by dS, and V will change by 


dv = v(dW — rus), (1) 
where y is is the molar volume of the capillary-condensed phase. 


From the definition of the chemical potential we get for the corresponding increase in free energy dU: 


dU = dw, (2) 


where y is the chemical potential of the vapor at pressure p, and 9 is thatatpressure pp. If Ug is free energy 


* A similar error was made by Langmuir in attempting to take into account the effect of the thickness 
of wetting films on capillary rise [3]. 


** The same method of approach can be followed without this restriction, but the resulting formulas are 
then more complicated [1]. 


** The reasoning outlined here is quite general and does not depend on any particular pore shape; a single 
slit-shaped pore is shown in the diagram for the sake of simplicity. 


: 
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of the system at p = Po when all the pores are filled, then 


U — = S(w— + (S — So) + F — Fo, 


where wo and w are the free energies per unit area respectively, of the adsorbent-liquid phase interface and 
of the interface between the adsorbent (including an adsorbed film of thickness h) and the vapor at a pressure 
p; o is the surface tension of the liquid in the liquid-vapor interface; s isthe total surface area of the menisci 
under the conditions discussed; sq is the same surface area at p = po; F isexcess bulk free energy (excluding the 
contribution due to the term containing we) of the capillary-condensed liquid as compared with that of the 
bulk phase, Fg is the corresponding quantity at p = Po. Differentiating (3) at w = const., and taking into account 
(2), we obtain 


(4o— dW = — (wo dS—ods—dF. 


In the case of complete wetting and for a layer of sufficient 
thickness h,w = wy + G. 


aaa: For smaller values of h [1], 


0+ F(h), 5 


ho 
Fig. 1 where @ is the contact angle; f(h)= f P(h)dh; P(h)is the 
h 


‘disjoining' pressure [2] of the layer; and hg the thickness of the film inequilibrium with the saturated vapor 
[7] (hg # wat oO #0). 


In the more simple case, when the effect of the curvature of the surface of the adsorbed layers on 


the elasticity of the vapor, i.e. on the adsorption equilibrium, may be neglected, we obtain, introducing the 
specific volume v; 


iy 


whence, taking into account 5 , we get: 


= 0080+ (4g —u) dP 


r, 


= ocos6+ RT\ In (52) ar. 


r 


a 
(3) 
1 
Fig. 2 
208 


Clearly, the second term on the right-hand side of equation (4) may be neglected when ds/ dS << 1, i, e., 
when the cross sections of the pores vary slantwise, 


The third term on the right-hand side of equation (4) may be neglected subject to the following conditions: 
(1) the difference between the densities of the capillary-condensed and the free liquids may be neglected; (2) 
the width of the pore gap is so large that the ranges of influence of diametrically opposite sections of the wall 
surface on the capillary-condensed liquid layers do not overlap; the molecular structure (of the capillary-con- 
densed liquid) is identical with that of the bulk phase with the exception of boundary layers of the former which 
satisfy condition (2), 


If these conditions are fulfilled, we can obtain from (1), (4) and (7) the relation 


r 


or, integrating by parts and transforming: 


Ps 


In the simplest case of aslit with parallel walls (for example near the point of contact of two spheres, 
or of a sphere and a plane) the derivative (“dV/dS), having dimensions of length, is equal to D/2 (Fig. 1), 
where D is the width of the slit. In the case of pores of nearly cylindrical shape, (-dV/dD) is equal to half 
the hydraulic radius. In general, (-dV/dS) = H may be regarded as a measure of the width of the pores in the 
plane of the cross sections at the level of the menisci. Equation (9) is a generalization of Kelvin's formula 
taking into account the effect of adsorption layers on capillary condensation. 


Let us now apply this equation to the solution of the following problems; 


1. To find the vapor sorption isotherm for a porous body of known structural characteristics, for example, 
when the function V = V(H) is known, * being given the adsorption isotherm of the same vapors on a plane 
surface of the same nature as the pore walls. 


2. To find the structural characteristics of a porous body being given the sorption and adsorption isotherms 
of the vapor on a plane surface of the same nature as the pore walls, 


3. Being given the sorption isotherm for a porous body of known structure, to find the pore width at the 
sites of the menisci, as a function of the vapor pressure. 


4. To find the adsorption isotherm [ = [(p) from sorption observations on a porous body of known 
structure in the presence of capillary condensation. 


the volume of the filled pores, and adding SI'(p) we can determine the amount of vapor sorbed, W, at a 
given pressure p. In this way we can plot the sorption isotherm point by point. 


Problem 2, The change in free energy during an actual (not virtual) equilibrium desorption process 
can be found directly from a determination of the chemical potential; 


w 
U—U,= | Yo dw, (10) 
Ww 


" E.g.,as found from measurements by the method of forcing mercury. 


| 

‘ Problem 1, Having found from (9) H = ~dWdS, we may, using the structural characteristics, find V — e 
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where y is a function of the variable of integration W. 


Equating (10) to (3), the second and third terms on the right-hand side of the latter being neglected 
as very small, we get: 


w, 


ocos 0+ RT | (in 2°) ar 
r ig 


In particular, for the total surface of the sorbent we obtain 


0+ RT \ (1 
ocos § +- ( n 


where We and I¢ correspond to any vapor pressure at which capillary condensation no longer occurs. If, of 
course, the process of desorption takes place under conditions which do not quite correspond to equilibrium 
conditions (as, for example, in the case of bottle-shaped pores), then the actual values of S and Sp will be 
less than those calculated by means of Formulas (11) and (12), 


It will be seen from (9) and (11) that if the functions W = W(p) and f = ['(p) are known from the experi- 
mental data, a series of pairs of corresponding values of S and H = —dV/dS can be obtained by simple graphical 
integration assigning to the pressure arbitrary values p < ps. This enables us to plot the graph of -dWdS versus 
S. Hence, by graphical integration, we can find V = V(S), and thus construct the graph of V = @ (-dWdS), 


From equations (8) and (11) we get 


w, 
ody” 


where W' is a function of y*, and W" is the function of »*. 


Integrating both sides, the left-hand side by parts, and reversing the order of integration on the right- 
hand side, we obtain 


2=(Vo—V)—SH =o \ 


Ww 


+ Problem 3. 
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Finally, integrating by parts, we get 


Be 


Z \ (W.— W’) dy’. 
» 


If the structural characteristics of the body are known and, therefore, V and S are known as functions of H, 


then Z may be regarded as a known function of H; Z = (H). Using Equation (16), H may then be found 
by means of the formula: 


i.e. by graphical integration and the subsequent use of the graph of H plotted against Z. 


Problem 4. If H is known as a function of p either from the solution of Problem 3 by the above method, 
or from optical observations, as in Chmutov's experiments [5],* the adsorption [ can be found, as is evident 
from (9), by means of the formula; 


4 d __ 1 d(H In(po/p)) 
v u din(po/p) 


If H has been obtained from sorption isotherms, it is simpler and more accurate to use the equation 
W -V 
re wa, where V and S are, by proposition, known functions of H, 
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ON THE PROBLEM OF A KINETIC THEORY OF GELATION PROCESSES 


I. F. Efremov and S. V. Nerpin 
(Presented by Academician A. N, Frumkin, November 21, 1956) 


The problem of the formation of gels, pastes and various tactoidal structures has been attracting the 
attention of investigators for a comparatively long time, and opinions as to the nature of these systems diverge 
considerably. The study of gelation processes in dilute sols and suspensions shows that gel formation in a 
series of similar systems may be explained by a process of fixation of the colloidal particles separated by 
comparatively long distances under the action of long-distance forces of molecular and ionic-electrostatic 


origin [1]. 


When we examine the behavior of colloidal particles under conditions which determine the formation of 
gels of like structure it appears possible to draw an analogy between the transition of bodies of molecular 
structure from the liquid into the solid state on the one hand and gelation of dilute sols on the other. In 
the latter case, instead of forces of attraction and repulsion between the individual molecules, we have forces 
arising from molecular attraction and ionic-electrostatic repulsion between the colloidal particles. The 
analogy becomes obvious when we compare the potential energy curve for the interaction of two molecules 
(Fig. 1a) with the portion of a similar curve for the interaction between colloidal particles separated by 
distances greater than that corresponding to point A in Fig, 1b. The fact that in the latter case there exists 
a potential energy barrier and a still lower energy level outside the limits of the former, indicates that the 
fixation of the colloidal particles may have the character of relaxation processes. 


On the basis of these considerations it is possible to establish the nature of shear rigidity which is the 
main feature of a gelled system, and also to examine the behavior of colloidal particles within the body of 
the gel. To do this it is necessary to consider the interaction not of a single pair of particles but of the entire 
collection of the particles constituting the quasi-crystalline lattice of the gel. 


The mutual! fixation of the particles at distances corresponding to the position of the potential energy 
minima should simultaneously bring about a state of minimum potential energy in the system as a whole, 
satisfying the condition yst /dh 


If the system is subjected to a reversible infinitesimal shear this condition will be disturbed and the 
energy level of the system will increase, In accordance with the well-known relation dF = dR where R is 
the work of external forces and F the free energy, such an ifcrease can only be brought about by the application 
of external shear forces, At small angles of shear y dR = rd, where r is the shear strain. Hence we have 


(1) 


* Such a state does not, of course, signify that the system is in true thermodynamic equilibrium corresponding 
the lowest possible energy level. In our case, however, this minimum level is temporarily unattainable because 
of the existence of the potential energy barrier. This effect is responsible for the relaxation character of 
subsequent processes which determine the course of aging of the gelled system. 


| 
do 
: 
| 
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and the shear rigidity: 


Under these conditions the system will behave as a gel if the period of relaxation of the colloidal particles, 
either in the course of a slip, or during their transition to a vacant site within the quasicrystalline lattice, 
will substantially exceed the period of action of the given external forces. If one of these conditions is 

not fulfilled, the system will either undergo a rapid aging process, or its elastic properties will be masked by 


fluidity. 


| 


Fig. 1. Potential energy curves 

a) for the interaction of two mole- 
cules, b) for two colloidal parti- 
cles in the presence of a potential 
energy trough situated some distance 


away: 


Fig. 2, Total potential energy curve for 
the interaction of a "test" particle with 
particles A and C, 


U(x) 


As a first approximation in the examination of the 
collective interaction of the colloidal particles constituting 
the gel lattice»let us consider the type of the potential energy 
curve for a “test™ particle B situated symmetrically with respect 
to two rigidly fixed neighboring particles A and C (Fig. 2). In 
this case the depth of the potential energy trough, VU which 
determines the extent of fixation of the particles in the nodes 
of the lattice, is considerably greater than in the case of two 
individual interacting particles Fig. 1b). In the latter case, 
in order that the potential energy trough which merely determines 
the relative distance between the particles, might appear, it 
was necessary that some distance away forces of attraction 
should be greater than forces of repulsion, However, in the 
case of collective interaction such troughs will exist at the 
sites taken up by intermediate particles even if at some points 
forces of repulsion will exceed forces of attraction, It is 
obvious that such potential energy troughs can bring about the 
mutual fixation of the particles of the colloidal system at 
determined distances only if the volume of the medium, which 
determines the maximum displacement of the disperse phase 
particles at the boundary, is finite.* In addition, a certain 
minimum concentration of the disperse phase is necessary, 
otherwise the potential energy troughs will be small as compared 
with the energy of Brownian motion, and fixation of the particles 
will not take place, If the volume of the medium be infinite, 
or if the concentration in a finite volume is less than the minimum 
concentration, gelation will be possible only when there will exist 
potential energy troughs with a negative energy difference (see 
Fig. 1); under such conditions gelatin will have a local character 
(flocculation and formation of tactoidal structures), 


Two factors which have an essential influence on the 
conditions of fixation of the particles are their shape and dimen- 
sions, It is well-known that the resultant of molecular attraction 
forces depends on the shape of the approaching surfaces. It can 
be easily shown that this resultant also depends on the thickness 
of the interacting particles, while the resultant of ionic-electro- 
static repulsion forces is practically independent of it. 


* To this type of quasi-crystalline lattices evidently belong the hexagonal lattices of particles of the 
synthetic latex investigated by Hamilton and Hamm. 
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Making use of the macroscopic theory of molecular interaction of condensed bodies [3], but assuming 
that the interaction of individual micro-volumes, having the properties of the condensed phase, is, approximately, 
additive, we can, by summing the energy of the individual micro-volumes, obtain a general expression for the 

energy of interaction of two laminae per unit area; 


A 2 { 
U = + 


where A is a constant, and b the thickness of the lamina. 


For b = o we shall obtain, instead of Equation (3), an expression which is familiar from the exact 
macroscopic theory [3] and which corresponds to the case of the interaction of two semi-spaces separated 
by a gap of width h: 


2 1 


=! 


U b 
This relation is represented in Fig. 3 by the curve — i) , which shows that the influence of the 
@ 


thickness of the particles on their epergy of interaction is insignificant only when they are separated by very 
small distances (of the order of 10 of their thickness), For distances of the same order as the dimensions 

of particles,the molecular component of their energy of interaction is approximately equa! to half its limiting 
value, 


On the basis of the results presented in [4] and [5] and taking into account Equation (3) above, it is 
possible to obtain an expression for the interaction of two laminae, For example, in the case when the distance 
between the particles is considerably less than the thickness of the ionic atmosphere, the expression will have 

the form 


where D is the dielectric permeability of the medium; Z is the electrovalence of the counter-ion; e is the 
clectron charge; € is aconstant, approximately of the order of unity; bis the thickness of the particte (lamina); 
8 issize of the molecules making up the particle; o is the interfacial tension at the particle-solution interface; 
his the distance between the particles and kT has the usual meaning. 


The different curves U (h) in Fig. 4 correspond to different thicknesses of three interacting particles. 
From a comparison of these curves it will be seen that for a decrease of particle thickness from 20 to 5 mp 
the potential energy trough deepens more than four times. The existence of higher energy barriers and of 
deeper potential energy troughs in the case of particles of laminar shape should, of course, bring about greater 
rigidity of fixation of such particles as well as increase their resistance to slip as compared with spherical 
particles. In order to describe real quasicrystalline lattice structures it is necessary to take into account the 


(3) 

U 
2h? 
Hence, 
U 
= 

a 
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Fig. 3 Curve for the energy of in- 20 30 460 50 
teraction of two colloidal particles ye 
as a function of the ratio of their Fig. 4, Potential energy curves for the 
thickness b to the width h of the interaction of colloidal particles of differ- 
gap between them, ent thickness: 1) b= 5 mp; 2) 10 my; 

3) 20 mp, 


polydisperse character of the colloidal particles, Fundamentally, however, the behavior of the particles 
within the gel lattice should be similar to that described in the cases just discussed, An analogy of such 


behavior is to be found in the appearance of elastic properties both in crystalline as well as in amorphous 
bodies, 


The considerations outlined at the beginning of this communication concerning the nature of gelation 
processes may be extended to include such systems as highly concentrated emulsions and foams. In the latter 
case the equilibrium state of the film separating the gas bubbles is determined by the algebraic sum of the 
molecular component of the “disjoining* pressure, having a positive sign (corresponding to the tendency of the 


bubbles to come closer to one another), and the ionic-electrostatic component of this pressure, having a 
positive sign, 


A distinct feature of foam-like systems is the fact that when they are sheared the process is accompanied 
not only by deformation of the layers separating the particles, but also by a change of the specific surface [6]. 
Let us take the simplest case when the system has been sheared and the potential energy of interaction of 
molecules within the layers separating the droplets has remained the same and has not affected the differential 
of that portion of the free energy which depends on surface tension; in this case we can write down the 
expression dF = d(ow), where o is the surface tension and varies with the concentration of the molecules of 
the stabilizer on the interface separating the phases, and w isthe specific surface of the system. 


Using the latter expression we can obtain from (1) and (2), after corresponding transformations, 


__ 29 de 
c= 


2 do 


where d is the dimension of the droplet, 
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THE ROLE OF HYDROGENATION IN CORROSION FATIGUE OF STEEL 


G. V. Karpenko 


(Presented by Academician P. A. Rebinder, October 20, 1956) 


In foregoing papers [1] we have developed certain ideas concerning adsorption-electrochemical processes 
in the mechanism of corrosion fatigue of steel and we have drawn attention to the fact that it is not possible 
to correlate the intensity of general corrosion with the development of corrosion fatigue. In the present 
communication we introduce some ideas supplementing our views on corrosion fatigue of steel at high stress 
amplitudes, 


When a metal is subjected to the simultaneous action of a corrosive medium and of repeated alternating 
stresses, there occur phenomena of adsorption, diffusion and corrosion (electrochemial phenomena). The 
attacking corrosive medium affects all the accessible anodic sites on the surface of the metal; however, before 
the actual corrosion’ process sets in adsorption of the surface-active components of the medium (specific adsorp- 
tion of ions or molecules) will take place. This adsorption will bring about a lowering of the strength of the 
metal [2], a process which is inevitable from thermodynamic considerations; under conditions of cyclic loading 
this phenomenon manifests itself in a lowering of the durability of the steel in adsorption fatigue [3]. 


On the cathodic sites on the metal surface there will be adsorbed hydrogen ions, As these ions are 
reduccd to atomic hydrogen the latter will diffuse into the metal lattice and bring about its hydrogenation 
(possibly giving rise to the formation of hydrides) and will thus lead to "hydrogen" embrittlement, "Hydrogen" 
embrittlement of cathodic sites on the metal may have an effect on the resistance of the steel to corrosion 
fatigue, if the hydrogen has affected dceper-lying regions within the metal. This appears possible during de- 
formation of the metal when the hydrogen penetrates into the bulk of the metal across planes along which the 
latter has been sheared, 


Experiments carried out in this laboratory by M. 1, Chaevsky have shown that hydrogenation of steel 
during its deformation by static forces proceeds at very great rates across planes of shear. 


The experiments consisted of placing cylindrical samples of soft steel No. 3, 10 mm in diameter, in a 
bath containing an acid electrolyte, the steel rods being employed as cathodes or anodes,* and submitting 
them to a stretching force on a tensile-testing machine, at a constant rate (v = 16 mm/min), to breaking 
point within 1-2 minutes, Under these conditions breakdown through embrittlement occurred with the plastic 
stecl cathodes along the shear planes, as will be clearly seen in Fig. la. In the course of the process the tensile 
strength of the steel decreased by about 10%, while the actual stresses dropped by half. The samples which 
were employed as anodes did not lose any of their plasticity or elasticity and their »reakdown under tension 
followed the same pattern as that observed in samples tested in air (see Figs. 1b and 1c). In the case when 


the anode was of copper and the cathode of steel, when no hydrogen was evolved at the cathode, none of 
these effects were observed, 


In the experiment described hydrogen ions were being reduced on the surface of the steel sample subjected 
to deformation, and the atomic hydrogen formed penetrated into the depth of the metal across shear planes 
formed during the deformation process; subsequently it diffused into the lattice of the metal causing it to become 
brittle. The tensional forces then caused failure of the samples through breakdown at the sites affected by 


* Current, 20 amp; current density, 55 amp/dm** 


hydrogen,which sites lie in the sheared planes. 


A striking feature of these experiments is the enormous rate with which the process of hydrogenation of the 
metal takes place, This can only be explained if one assumes that not only does distortion of the metal lattice 
take place in the planes of shear, but that there is also formed a large number of micro-fissures. As these are 
formed the hydrogen is being sucked into them, thus penetrating into the body of the metal at high speeds 
which are considerably greater than the rates of bulk or even of boundary diffusion. 


The sections of the metal situated between 
planes at which the defects occurred and which under 
the usual conditions account for the increased elasti- 
city of the sheared zone, possess a distorted lattice 
which has increased permeability to diffusion as a 
result of activation. It is well known that the rate 
of diffusion into a distorted lattice is several orders 
higher than that for a regular lattice. S. T. Kono- 
beevsky showed [4] that the rate of diffusion of nickel 
into deformed copper is more than 1,000 times faster 
than its rate of diffusion into undeformed copper. 


Our experiments lead us to suppose that in the 
case of polycrystalline metals such as steel, which 
exhibit a large number of sites at the metal-medium 
boundary, which behave as micro-cathodes and micro- 
anodes, very fast hydrogenation of the cathodic sites 
takes place during the cyclic load application in the 
corrosive medium, ‘It is obvious that such sites con- 
stitute weak points at which breakdown through brittle- 
ness takes place at great stress amplitudes soon after 
the load is applied. Under these conditions the length 
of time during which the sample is exposed to the 
action of the medium, is insufficient for the anodic 
sites to be affected by corrosion, i. for weak sites 
to be formed as a result of loss of strength due to 
corrosion effects. 


Fig. 1, Ruptured Rods of Steel No. 3,a) the sample 
was used as cathode;b) the sample was used as 
anode;c) the sample was ruptured in air, 


This contirmed by the fact that at high stress amplitudes the surfaces of the planes at which breakdown 
of the steel samples occurs in corrosive media, do not exhibit any oxidized sites and no products of corrosion 
can be found in the fissures formed as a result of fatigue. At the same time fatigue breakdown in corrosive 
media occurs at considerably lower stresses, for all values of stress amplitude, than in air. 


At lower stress amplitudes, when the time required to bring about breakdown of the metal under cyclic 
load is considerably longer, there will be sufficient time for all the factors which decrease the strength of the 
metal, such as adsorption, diffusion and corrosion effects, to come into play. Under these conditions the 


fissures formed as a result of fatigue contain products of corrosion,and the surface of the ruptured ends of the 
sample is usually strongly oxidized, 


The author wishes to express his gratitude to Academician P. A. Rebinder and to Dr, V. I. Lichtmann for 
their useful criticisms. 
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PHOTOOXIDATION OF WATER BY DYES ON THE SURFACE 
OF SEMICONDUCTORS 


G. A. Korsunovsky 
(Presented by Academician A, N. Terenin November 19, 1956) 


In a recent paper by T. S, Glikman and M. E, Podlinyaeva [1] the authors have, on the basis of kinetic 
investigations of the photoreduction of thiazine dyes on zinc oxide, expressed the view that water takes part 
in this photoreaction directly as the substrate of oxidation. Starting from the same premises, though slightly 
different from those expressed by the above authors, we have investigated the photoreduction of methylene 
blue on zinc oxide, titanium dioxide and cadmium sulfide, using the hydroxylation of benzene as a method 
of detecting hydroxyl radicals, 


The mechanism of photooxidation of water on zinc oxide, in the presence of oxygen, which is currently 
accepted is as follows [2): 


zn0 e + 
e +- OF, 
Oy + H,0 + HO, + OH-, 


OH- + ZnO + ZnO + OH’ 


The discharge of the hydroxyl ion on the positive center of a microcrystal of the semiconductor (ZnO*), 
formed as a result of electron capture by a molecule of oxygen, leads to the formation of the hydroxyl radical, 
Having a high oxidizing power, the latter either reacts with the HO, radicals present and with hydrogen peroxide, 
thus reducing the yield of the peroxide, or brings about the oxidation of organic reducing agents, if such are 
present [3]. Even the benzene molecule which is highly resistant to oxidation, is, by interacting with hydroxyl 
radicals, transformed into phenol, diphenyl and higher hydroxy derivatives, as has been observed in different 
photo- and radiochemical reactions accompanied by the appearance of the free hydroxyl [4]. 


Even though a direct aleetron transfer from ZnO to H,O that is without the participation of an intermediate 
electron carrier such as oxygen is fundamentally possible, because the affinity of H,O for the electron is of the 
same order as that of oxygen [5],nevertheless we have never observed any subsequent decomposition of water to 
OH and H followed by evolution of the latter in the molecularstate, as has been suggested by V. I. Veselovsky [2], 
apparently because the reverse reactions are much more probable. However, apart from oxygen it is possible 
to use other electron carriers with a sufficiently high oxidation potential, as for example dyes. Many dies of 


different classes are capable of capturing the electron and subsequently undergoing photoreduction to the 
lueco compound, 


In our experiments we used Kalbaum brand Analytical grade Zinc Oxide having a particle size of 1 p. 
100 mg of the powder was placed into the lower end of two Tunberg tubes, followed by 10 ml of a solution of 
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“ 
methylene blue, having a concentration of 1.5+10 “ M,in saturated aqueous solution of benzene (~10 " M) 
(see Fig. 1 ). The tubes were connected to a vacuum pump and evacuated to a pressure of 1-5 10° mm Hg, 


the contents being frozen and thawed four times. 
Subsequently the tubes were disconnected and one of them 
was irradiated for one hour under the mercury lamp PRK-2 
through a filter transmitting the mercury line 366 mz. 
This treatment caused complete discoloration of the dye. 
After irradiation,the water in the solution of methylene 
blue was distilled under vacuum into the upper end of 

the tube by immersing the latter in liquid air and carefully 
heating the lower end, Finally the tubes were opened and 
the distillate was transferred through the outlet A into the 
cell of the SF-4 spectrophotometer, The distillate from 

the tube which was not irradiated, was transferred into 

the comparison cell. The absorption spectrum of the 
distillate, shown in Fig. 2, coincides with the absorption 
spectrum of phenol plotted in the same diagram.* 


Fig. 1. Vacuum tube for 
irradiation of suspensions, 


Formation of phenol can only take place through 
the combination of benzene and with the OH groups which 
are supplied either directly by the water, or as a result 
of the formation of zinc hydroxide [1]. However, as will 
be shown below, phenol is also formed on semiconductors 
which in aqueous solutions exhibit acid properties— a 
reason why, in our opinion, the direct participation of 
water is more probable in the case of neutral solutions. 


The concentration of the phenol formed is approxi- 
mately half the concentration of the dye dissolved, which 
corresponds to the following photoreaction: 


Fig. 2. Absorption spectra of the distillate 64k, «8S 
obtained from suspensions of zinc oxide and : ‘ 
titanium dioxide in aqueous benzene solu- 
tion of methylene blue after irradiation in 2K pH + KpHa + Kp, 
vacuo; 1) suspension of ZnO, 2) suspension OH- + ZnO* + ZnO[OH]ads » 
of TiQ,, 3) phenol, 8 « 10 °M. 20H + CcHs CoHsOH -+ H20 


Kp H:0 + K,H +-OH-, 


where Kp denotes the molecule of the dye. 


The experiments with titanium dioxide (home produced, specification unknown, particle size 2-3 y ) 
were carried out in a similar manner, As is well known,titanium dioxide sensitizes the photoreduction of 
methylene blue in aqueous solutions [6]. In these experiments we have again detected phenol (Fig. 2), which 
indicates a photoreaction mechanism similar to that given for the reaction with zinc oxide, In fact, after 
irradiation in air of the titanium dioxide suspension in an aqueous solution of benzene, separation of the powder 


by centrifuging and recording of the absorption spectrum,we have detected phenol in approximately the same 
amount as that found in the case of zinc oxide, 


On the other hand, when an aqueous suspension of titanium dioxide was similarly irradiated, not once 
was any hydrogen peroxide detected. This result led A, A. Krasnovsky to believe that the dioxide is inactive 
in aqueous systems [6], As the formation of hydrogen peroxide is closely related to the formation of the 


* Similar results were obtained by distilling the solutions in air after previous centrifuging. In both cases 
the phenol distills over with the water vapor, 
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hydroxyl we have assumed that the absence of the hydroxide 
in the irradiated suspension of TiQ, is due to its decompo- 
sition in the dark on the surface of the semiconductor. 
Experiments have shown that when a suspension of 100 ml 
of titanium dioxide is shaken up with 10 ml of 1.5°10 M 
hydrogen peroxide in the dark for 30 minutes, the peroxide 

2 is completely decomposed, while in similar experiments 

! with the same amount of zinc oxide the concentration of 
the peroxide did not change. 


The third semiconductor investigated by us was 
cadmium sulfide manufactured by the Kalbaum firm, of 
m0 30 ae "pure" grade and having a particle size of 0.5— 1p. It 

is known that irradiation of an aqueous suspension of cadmi- 
um sulfide with ultraviolet or blue light in the presence of 
oxygen gives rise to the formation of hydrogen peroxide in 
fairly high yield [7]; this has likewise been confirmed by 
our experiments, Nevertheless, the yield of phenol was 
found to be several times lower than in the case of ZnO 
and TiO, (Fig. 3). We explain this result as being due 
to the interaction of hydroxyl radicals with hydrogen 


Fig. 3. Absorption spectra of the filtrate from 
suspensions of zinc oxide(1),titanium dioxide 
(2),and cadmium sulfide (3),in aqueous benzene 
solution after irradiation in the presence of ait 


sulfide formed as a result of partial hydrolysis ot CdS. In this case we may expect oxidation of hydrogen 
sulfide to sulfuric acid. This was confirmed by qualitative test for the SOJ ion by addition of barium chloride. 
In control experiments it was established that the filtrate obtained from a suspension of cadmium sulfide, when 
shaken with hydrogen peroxide of similar concentration as that formed during irradiation, does not give a pre- 
cipitate of BaSO,, and therefore, hydrogen peroxide cannot be regarded as bein responsible for the oxidation 
of hydrogen sulfide. 


Irradiation of a suspension of cadmium sulfide in aqueous or aqueous~benzene solution of methylene blue 
in vacuo for long periods (up to 5 hours) brings about only a very slight discoloration of the dye. The discolora- 
tion proceeds particularly slowly in the case of the dye adsorbed on the surface of the semiconductor (about 
60-70% adsorbed). Tests for phenol and sulfuric acid gave negative results, which apparently indicates a 
different mechanism of discoloration. It is possible that in this case the substrate of oxidation is provided by 
the hydrogen sulfide, the reducing power of which, by comparison with that of the dye, is higher than that of 
water, 


In conclusion I wish to express my indebtedness to Academician A. N, Terenin for his constant interest 
in this investigation, 
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FORMATION OF HYDROCYANIC ACID IN GAS MIXTURES COMPRESSED 
ADIABATICALLY TO HIGH PRESSURES 


A. M. Markevich, I. I. Tamm and Yu. N. Ryabinin 


(Presented by Academician V. N. Kondratyev, November 23, 1956) 


In previous papers [1-4] we investigated the formation of nitric oxide by the method of adiabatic com- 
pression of gas mixtures at high compression ratios. By completing the entire process within periods of the 
duration of ten-thousandths of a second we succeeded, even in the case of pure air [1] and at compression 
ratios of 700 and pressures of 8000-9000 kg/cm*, in obtaining yields of nitric oxide of up to 1%, This figure 
was raised to over 3% either by diluting the gas mixture with argon which, being a monatomic gas, permits 
realizing higher temperatures on compression, or by adding to the mixture a fuel gas such as methane, 
hydrogen and carbon monoxide, and thus raising the temperature of the mixture on compression due to the 
heat of combustion, This relatively high yield of nitric oxide synthesized from its elements was possible 
because the adiabatic apparatus with the propelling piston [3] permitted the realization not only of high 
pressures and temperatures, but also of relatively high rates of cooling. 


The present paper describes the investigation of the synthesis of hydrocyanic acid by adiabatic compres- 
sion. Thermodynamic considerations show that with rise in temperature the equilibrium of the reaction is 
shifted so as to favor the formation of hydrocyanic acid. In this respect the reaction of the formation of HCN 
resembles the synthesis of nitric oxide,where a rise in temperature likewise shifts the equilibrium in the di- 
rection favoring formation of NO. 


Earlier it was shown [4] that when mixtures consisting of varying proportions of hydrogen, nitrogen, argon 
and carbon black (activated charcoal, soot) are compressed adiabatically, traces of hydrocyanic acid can be 
detected in the products resulting from the compression. 


In this work we have investigated the formation of hydrocyanic acid in mixtures of nitrogen and hydro- 
carbons ~ methane and acetylene. Experiments with mixtures containing methane showed that in mixtures 
containing both gases in the poroportion of 1:1 no reaction occurred at pressures of up to 10,000 kg/cm’, 
Reaction takes place only on addition of considerable amounts of argon, i.e. through an increase in the tempera- 
ture developed during compression, The results of experiments with a mixture of 10% CHy4, 13% Np and 


711% A are showninFig,1,1. The maximum yield of hydrocyanic acid amounted to about 1% of the 
initial volume of the mixture, 


Considerably larger proportions of hydrocyanic acid were obtained with mixtures containing acetylene. 
With equimolar mixtures of acetylene and nitrogen,formation of hydrocyanic acid begins even at-pressures 
of about 1,000 kg/cm’, The maximum yield obtained at pressures of 5,000-9,000 kg/cm® was about 3%. The 
results of these experiments are represented by curve 2 in Fig. 1. As in the foregoing experiments, addition 
of argon to the mixture makes it possible to realize an increase in temperature on compression which, in turn, 
gives rise to higher yields of hydrocyanic acid. Curve 3 in Fig. 1 represents the results of experiments with a 
mixture consisting of 25% C,H,, 32% and 48% A, 


The yield of HCN realized in these experiments was 4%, 


In all the experiments described determination of the hydrocyanic acid content was carried out as 
follows, After being compressed adiabatically for 1-2 seconds, the gases were pumped off from the tube of 
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the adiabatic compression apparatus into an evacuated flask containing 10 ml of 0.1 N alkali. When absorption 
of the hydrocyanic acid was complete the contents of the flask were titrated with 0.01 N silver nitrate in the 


presence of potassium iodide [5]. The presence of hydrocyanic acid was also established by qualitative reactions. 
The experimental data are presented in Table 1. 


TABLE 1 

a. > |B, > 
Starting mixture; tart 
CH, 10%, Np 13% 


A 11%. Wt. of piston 


375 g 
420 0.09 
20 | 3600 | 0.17 
600 | 3800 | 0.25 
610 | 4300 | 0.30 
4400 | 0.53 
90 | 4800 | 0.65 
1 5200 | 0.58 
1170 | 6000 | 0.87 
1440 | | 0.05 
1480 0.98 
1480 | 8500 | 1.01 


2000 4000 6000 8000 
p 


Fig. 1. Formation of hydrocyanic acid 
during adiabatic compression of gas 
mixtures; 1) CH, 10%, Ne 13%, A 77%; 
2) 50%, Ng 50%, 3) 25%, No 
32%, A 43%, 


ixture:. | Starting mixture: 
CoH, 28%, No 32% 
of piston 18 A 43%. Wt. of piston 
187 g 


300 0.60 70 800 0.00 
900 9.03 85 1200 9.19 
1650 0.50 1,02 
2400 1.18 152 1:00 1.33 
2900 1.39 174 2250 2.03 
3550 1.87 215 2050 2.59 
4800 2.46 280 3250 3.44 
4800 2.70 300 4200 3.60 
4950 2.85 410 5300 4.00 
5000 2.78 4 6500 4.00 
5300 2.82 550 7400 4.08 
5300 3.09 
6100 2.72 
6700 2.67 
7350 3.12 
9200 3.04 


In our opinion the results obtained are of interest not 
only as a demonstration of the synthesis of hydrocyanic acid 
by adiabatic compression of mixtures of nitrogen with hydro- 
carbons, Also worthy of special attention is the shape of the 
experimental curves (Fig. 1) which, as will be noted particu- 
larly in the case of mixtures with acetylene, are characterized 
by a transition towards saturation, An increase in pressure 
above 4,000-5,000 kg/cm* does not result in a corresponding 
increase of the content of HCN in the products of reaction, 
This shape of the curves cannot, for example, be explained 
as being due to the fact that at high compression ratios the 
temperature increases comparatively slowly with pressure and, 
therefore, there is little increase in the rate of reaction. It 
is also necessary to take into account the fact that in the pres- 
sure range of 4,000-8,000 kg/cm* the concentration of the 
reagents is doubled, All these considerations tend to show 
that the rate of reaction in the pressure interval in question 
should vary. 


On the other hand, the thermodynamic calculations 
carried out by Krase and Mackey [6] cannot be used to explain 
this attainment of the saturation concentration as being due 


simply to the attainment of the thermodynamic equilibrium concentrations of hydrocyanic acid, because in 
this case the yield should have been considerably higher than 4% (Fig. 1, 3). The reason for the constancy of 
the yield of hydrocyanic acid at pressures above 4,000-4,500 kg/cm must, apparently, be sought in the condi- 
tions of cooling which, in our case, are determined by the experimental conditions obtaining in the adiabatic 


system used, It is well known that under certain experimental conditions, or more accurately conditions of 
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cooling the results obtained show quite substantial divergence. Indeed, it is with the cooling process 
of reacting systems that the so-called notion of "fixation® is linked. In our opinion it is this phenomenon 


of fixation which must be taken into account in order to explain the constancy of the yield of HCN obtained 
in these experiments. 


Let us suppose that at high compression ratios and correspondingly high temperatures the rate of reaction 
is such that during the compression interval there is sufficient time for the system to attain thermodynamic 
equilibrium. Under these conditions the rate of formation of hydrocyanic acid, W4, will be equal to the rate 
of the reverse reaction, W,. The concentration of hydrocyanic acid will correspond to its equilibrium value, 
{HCN}. As the temperature drops, [HCN will decrease in the proportion given by the equilibrium constant. 
However, as the temperature drops from T, to T; the actual concentration of hydrocyanic acid [HCN] will 
depend not only on the equilibrium value of (HCN I but also on the rate of decomposition of the acid, W2. 


If during the cooling process W, is always considerably greater than d{[HCN]®/dt (where t is the time), 
i.e. if 


d{HCN}° 
v,> 


then the actual concentration of the “on [HCN] will always be approximately equal to its equilibrium 
concentration, and [HCN] 0. 


If , on the other hand, the reverse inequality 


will be fulfilled during cooling, the actual concentration [HCN] will always exceed the equilibrium concen- 
tration, and [HCN}y — [HCNJf > 0. 


Let us introduce a new variable ¢ = dT/dt and transcribe Inequality (1) in the form: 


where the rate of cooling g is, in practice, always determined by the experimental conditions, and W, and 
d{HCNJ’ /dt are determined by kinetic and thermodynamic factors. With falling temperature W, decreases 
exponentially, while the variation of d[HCN]°/dT is determined by the expression for the equilibrium-constant. 


If, with decreasing temperature, the left-hand side of Inequality (3) diminishes faster than the right-hand 
side, then, starting at some temperature Tj, the inequality (3) will change sign and Inequality (2) will be 


fulfilled, Consequently, from a certain critical temperature T, on, the difference [HCN}p, will not be equal 
to zero. 


Other conditions being equal, the value of T;, is determined only by the rate of cooling y. The greater 
¢, the greater T;, is, For T > Ty the reaction is, <n to determinations carried out by Ya. B. Zeldovich 


[7], characterized by a high mobility, and [HCN}; — [HCN], ss 0. For T < Tx, when the reaction is slow, 
the actual concentration [HCN] remains approximately equal to [HCN}P,. i Cs 
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0 
[HCN]? < {HCN}, 


In this, strictly speaking, lies the essence of the notion of fixation. 


Consequently, the amount of hydrocyanic acid actually determined in the products of reaction may not 
at all correspond to the amount of HCN formed at the maximum temperature of the experiment, but may be 
considerably less. 


To return to the experiments described above we may note that the cooling of the reaction products is 
an integral part of the adiabatic cycle. Calculation shows that in our experiments with the adiabatic apparatus 
available the rate of cooling in the region of a compression ratio of ~350 was of the order of 10" °C/sec and 
varied little with further increase in the compression ratio, This provides an explanation for the existence 
of the horizontal region of the curves in Fig. 1 in the pressure region beginning at 4,000-4,500 kg/cm’, 
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THE DEPENDENCE OF THE AMOUNT OF HYDROGEN ADSORBED ON 
RANEY NICKEL AND PLATINUM CATALYSTS ON THE MEDIUM 


Academician D. V. Sokolsky and K. K. Dzhardamalieva 


One of the indispensible steps in catalytic hydrogenation processes is the preliminary activation of the 
reactants on the surface of the catalyst. The activation of hydrogen and of the unsaturated compound on the 
catalyst surface depends on the specific properties of the compound tobe hydrogenated, on the nature of the 
catalyst and on the conditions under which the reaction is carried out; namely, the temperature, the pressure 
of the hydrogen inthe gaseous phase, the speed of mixing and the nature of the medium in which the reaction 
is carried out. A change of the medium has a large effect on the strength with which the hydrogen is bound 
on the surface, By using different solvents it is possible to strengthen the bond between the hydrogen and the 
surface and thus vary the amount of hydrogen adsorbed on the surface of the catalyst [1, 2]. 


This paper describes an investigation of the effect of different concentrations of alkali and acid on the 
adsorption of hydrogen by R.iney nickel and platinum catalysts in the course of hydrogenation of some organic 
compounds, The compounds chosen were sodium maleate and o-nitrophenol. The nickel catalyst was prepared 
by extracting a nickel-aluminum alloy with alkali. The platinum catalyst was prepared in the form of the oxide 
[3]. In the case of the nickel catalyst the experiments were carried out in aqueous solutions of sodium hydroxide 
at concentrations varying fran 0.01 N to 15 N; the platinum catalyst was used in aqueous solutions of NaOH and 
H,SO,4. The temperature was varied from 20 to 60°, A weighed amount of the catalyst (1 g of nickel or, 
respectively, 0.2 g of platinous oxide) was placed in the bulb and saturated with hydrogen in the given medium 
over a period of 1 hour. Excess hydrogen was then removed by a current of nitrogen and the substance to be 
hydrogenated was added to the contents of the bulb, Hydrogenation of the substance by the adsorbed hydrogen 
was brought about by vigorously shaking the bulb. 


As the reaction progressed the potential of the catalyst was measured with respect to the reversible hydrogen 
electrode [4]. At definite intervals of time the shaking was interrupted and samples of the substance were taken 


TABLE 1 in a current of nitrogen for subsequent determination of 
the amount of hydrogen extracted from the catalyst up 
to the given time. The analysis was carried out by 

dehydrogenating the samples on the platinum catalyst. 


Amount of Hydrogen (in ml) Extracted by Sodium 


Maleate from 1 ¢ of Raney Nickel Catalyst over 
a Period of 2 Hours 


The results of experiments on the hydrogenation 
of sodium maleate by hydrogen adsorbed on the Raney 
nickel catalyst are shown in Table 1. 


Tempera - 
ture, °C 


20 : 5 ! It will be seen that as the concentration of alkali 
40 3. 8, increases the amount of hydrogen extracted over 2 hours 
60. . 9. . . 8. . decreases; the maximum amount extracted is about 
70-80 ml. It is known that 1 g of Raney hickel catalyst 
can adsorb up to 110-120 ml of hydrogen [2]. From 
this it follows that sodium maleate does not extract 
all the adsorbed hydrogen; it appears to be a substance 
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having a comparatively low adsorption potential and capable of desorbing only those hydrogen atoms which 

are bound relatively loosely on the surface of the catalyst. Here the nature of the compound being hydroge- 

nated becomes evident, [2, 5]. The maximum drop of potential of the catalyst in the course of the hydrogena- 

tion of sodium maleate amounts to 130-150 millivolts, This indicates that considerable quantities of hydrogen 

remain adsorbed on the surface of the catalyst. Accordingly, the amount of hydrogen extracted increases with 
> rising temperature, while an increase in the concentration of alkali strengthens the bond between the hydrogen 

and the surface,making extraction of the former more difficult. 


ml H, 700 N 


10 


‘a0! 


Fig. 1. Kinetic and potential curves for the hydrogenation of o-nitro- 
phenol by hydrogen adsorbed on Raney nickel catalyst, at different 
concentrations ofalkali. Temperature of experiment 60°. 


In order to elucidate the relationship between the amount of hydrogen adsorbed and the concentration of 
alkali it was necessary to choose a substance which would be capable of extracting all the hydrogen adsorbed 
by the catalyst. The substance chosen was o-nitrophenol. The results of the experiments carried out under 
conditions similar to the foregoing are shown in Table 2, 


TABLE 2 


Amount of Hydrogen (in ml)Extracted by o-Nitrophenol from 1 g of Raney 
Nickel Catalyst over a period of 2 hours 


Tem- Concentration of Alkali, N 


ees 0.04 0.05 0.1 0.5 1.0 5.0 10.0 15.0 


20} 105.7) 107.0 | 143.2] 113.6 | 4113.7] 4125.2 
40 | 4415.2 | 118.9 | 123,6] 125.3] 4125.6] 135.0 
60 | 127.4] 132.8) 136.6] 137.3 | 137.7] 148.5] 160.6 


Potential referred to the reversible hydrogen electrode (E,mv) 
—| 998 | 1050 | 1070 | 41110 | 1123 | 14150 | 4476 | 1198 


It will be seen that the amount of hydrogen extracted increases with rise in concentration of alkali. At 
60° the amount of hydrogen extracted increases from 127 ml for the 0.01 N solution to 160 ml for the 10.0 N 
solution of alkali. 
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In Fig. 1 are plotted kinetic and potential curves for the hydrogenation of o-nitrophenol by adsorbed 
hydrogen at different concentrations of alkali, at 60°. The time of extraction of the hydrogen is taken as 
the abscissa; the amount of hydrogen extracted and the potential drop of the catalyst with respect to the 
hydrogen electrode, AE, are plotted as ordinates. As will be seen from the diagram, the potential of the 
catalyst drops sharply in the first minute after the introduction of o-nitrophenol. The higher the concen- 
tration of alkali, the lower the drop in the potential of the catalyst. In 10.0 N alkali the potential drop 


Fig. 2. Kinetic and potential curves for the hydrogenation of 
o-nitrophenol by hydrogen adsorbed on Raney nickel catalyst, in 


0.5 N NaOH at 20, 40 and 60°. 


amounts to 160 mv, while in 0.01 N it is greater than 350 mv, In the first minute the rate of extraction of 
the hydrogen is greatest. For example, in 0.01 N alkali 77 ml of hydrogen are extracted in the first minute, 
while after 2 hours of hydrogenation the amount extracted is 127 ml. Thus, more than half of the total 
hydrogen extracted is extracted in the first minute. 

The amount of hydrogen extracted also increases 
with temperature (see Table 2 and Fig. 2), apparently 
due to extraction from deeper-lying layers of the catalyst. 
In contrast with the nickel catalyst, the amount of hydro- 
gen adsorbed on the platinum catalyst is almost indepen- 
dent of the concentration of alkali. The results obtained 
in the course of the extraction of hydrogen from 0.2 g of 
PtO, by o-nitrophenol are shown in Table 3 (temperature 
of experiment 20°, 


TABLE 3 


Concen- 
tration of 


As will be seen from Table 3, for all concen- 
trations of alkali and acid (with the exception of 5.0 N 
NaOH) the amount of hydrogen extracted from a given 
weight of platinous oxide is approximately constant. This can apparently be explained as being due to 
the considerable energy of bonding between the hydrogen and the surface and alsotoasmall amount of hydro 
gen dissolved in the platinum. 
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KINETICS OF DEHYDROGENATION OF ALCOHOLS OVER PRECIPITATED 
COPPER CATALYST 


Academician A. A. Balandin and P. Teteni 


The kinetics of dehydrogenation of alcohols of different structure over copper has been investigated 
by several authors [1-7]. These authors have shown that the rate and activation energy of dehydrogenation 
of alcohols does not depend on their structure [1, 2], or depends on it but little [4, 5]. It has also been established 
[7] that adsorption coefficients of ethyl, n-propl and isopropyl alcohols on the copper catalyst are the same. 


In the present work we have investigated the kinetics of dehydrogenation of alcohols differing considerably 
with respect to their structure: ethyl, isopropyl and benzyl alcohols and cyclohexanol. In addition to the 
determination of the activation energy of these alcohols this investigation is also of interest with regard to 
adsorption of different alcohols on a given catalyst. 


In contrast to previous work we have in the present investigation used a copper catalyst prepared by 
precipitating cupric hydroxide with ammonia from a 20% solution of cupric nitrate. The cupric hydroxide 
was decomposed at 400° in a current of air, and the cupric oxide obtained was reduced with electrolytic 
hydrogen at 150, 200, 250 and 300° for 6 hours at each temperature. After each experiment the catalyst was 
regenerated with hydrogen. The substances used had physical constants identical with those found in the 
literature. Hydrogen used for the preparation of mixtures required for the determination of adsorption coeffi- 
cients was obtained by electrolysis of a 20 solution of KOH, after which it was freed from traces of oxygen 
by passing over copper at 380-400", and dried over CaCl,. The experiments were carried out in the usual 
flow apparatus used at the Laboratory of Organic Catalysis of the University of Moscow. The starting materials 
were fed automatically by means of an injector operated by a motor (accuracy of feed + 0.005 ml/min ). 
Collection and measurement of the volume of gas evolved during the reaction was by means of an automatic 
gasometer of the Patrikeev type. It was found that within the temperature interval investigated (180-280°) 
the catalyst used brought about dehydrogenation as the only reaction in the case of all the four alcohols 
mentioned. The gas formed was found to be pure hydrogen (the purity of the gas was checked by gas 
analysis). The catalyzate was found by distilJation to contain unreacted alcohol and the corresponding 


aldehyde or ketone. Experiments with catalysts of different particle size showed that the reactions were 
being carried out in the kinetic region. 


As was shown in [8, 9], dehydrogenation of alcohols is governed by the general kinetic equation deduced 
by one of us [10] for unimolecular catalytic reactions in a vapor stream, In the case of dehydrogenation 
of alcohols without admixtures this equation has the form 


dm A;y—m 


(1) 


where k is the velocity coefficient of the reaction, A, isthe rate of delivery of the alcohol, and m the rate of 
evolution of hydrogen, the remaining symbols having the meanings specified in [8}. 


Integrating this equation we get: 


fe = (2, + 25) — (zy + 25— 1) m. 


a 
= 
. 
(2) 
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The relative adsorption coefficients entering into Equation (2) were determined by a contact reaction 
method based on the lowering of the rate of reaction on addition to the starting substance of a determined 
amount of the product of reaction or of an extraneous substance. The decrease in the rate of reaction 
indicates the extent of adsorption of the added substance on the active sites of the catalyst. 


The adsorption coefficient z was calculated by means of the formula [11] 


z = [B, (2H — Y)— — By) 


B, = A,/ZA;; => m/ZA,; H = Y/2 — Y 


It may be noted that the adsorption coefficients calculated by means of Formula (3) do not differ 
greatly from those calculated by means of the more simple formula [12] deduced for lower orders of reaction: 


where p is the percentage of alcohol in the mixture, and mg the value of m for the pure alcohol. 


The relative adsorption coefficients were determined from the velocity of dehydrogenation of binary 
mixtures of the products of reaction with the original alcohol. The volume rate of flow of the alcohol in the 
experiment with the pure substance was equal to the sum of the volume rates of flow of the alcohol and the 
reaction product in experiments with the mixtures. In order to check the constancy of the activity of the 
catalyst,the experiments with the mixtures were alternated by experiments with the pure substance. It was 
confirmed that the relative adsorption coefficients were independent of the volume rate of feed. The results 
of determinations of the adsorption. coefficients are given in Tables 1 and 2. The curves of adsorption dis- 
placement were of a form similar to that observed earlier for other substances [12]. 


The relative adsorption coefficients of acetaldehyde and hydrogen differ from those obtained in earlier 
investigations which were found to be close, respectively, to unity and zero. However, the catalyst used in 
the investigations mentioned was obtained by calcinating cupric nitrate and reducing the cupric oxide obtained 
with hydrogen. On the other hand, the results of these earlier investigations which showed that the relative 
adsorption coefficients were independent of the temperature (in the case of the copper catalyst), have been 
confirmed in the present experiments, The relative adsorption coefficients of acetone obtained here are 
close to those calculated from the data given in [2] and are equal to 0.77 4 0.02. Adsorption coefficients 
for the other substances on copper have not been determined in previous investigations. 


As will be seen from Table 2,the relative adsorption coefficients of hydrogen are independent of the 
temperature. From this it follows (13, 14], that the heats of adsorption of the corresponding alcohols are 
equal to the heat of adsorption of hydrogen and, consequently, equal to each other. As is known from the 
literature [15, 16], the heats of condensation of the alcohols investigated at this time differ considerably, 
varying from 9.3 kcal/mole for ethyl alcohol to 12.06 kcal/mole for benzyl alcohol. The heats of physical 
adsorption of the alcohols investigated by us might, in the case of their physical adsorption on the catalyst, 
be expected to differ from one another as heats of physical adsorption are usually close to the heats of 
condensation. The fact that the heats of adsorption of these alcohols on a catalytically active surface are 


* In the expression for H, Y denotes the amount reacted in the experiment with the pure substance. 


(3) 
where: 
mo 100 
2=(4 (4) 
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TABLE 1 TABLE 2 


Relative Adsorption Coefficients z (ratio of ad- Relative Adsorption Coefficients z; (ratio of the ad- 
sorption coefficients of aldehydes and ketones sorption coefficient k to adsorption coefficients of 


to those of the corresponding alcohols) Precip- different alcohols) Precipitated Copper Catalyst 
itated Copper Catalyst 


Substance Alcohol |Temp. °c | 


CH,CHO/C,H,OH 250 6840. C,H,OH 


—C,H,OH iso -C3H;OH 
C,H,CHO/C,H,CH,OH 


C,H,CH,OH 
C.H,,0/C,H,,0H 


C,H,,OH 


22 22 


Fig. 1. Relationship between the logarithm of the velocity constant of reaction 
and the reciprocal temperature in the dehydrogenation of alcohols; a) ethyl 
alcohol, b) isopropyl alcohol, c) benzyl alcohol, d) cyclohexanol. 


the same is evidence that chemical forces are taking part in the process of adsorption of alcohols during 
catalysis, 


The determination of the relative adsorption coefficients of the products of dehydrogenation enabled 
us to determine the true energies of activation of dehydrogenation of the alcohols investigated. In order 
to determine the velocity constants, the corresponding adsorption coefficients from Tables 1 and 2, as well as 
the values of m (determined at different temperatures) and A, were substituted into Equation (2). The results 
obtained are given in Tables 3, 4, 5 and 6 and are plotted in Fig. 1. The true activation energies of dehydrogena - 
tion of alcohols on the given catalyst have been determined for the first time. In the previous work [4] on 
the copper catalyst which was prepared by a different method, the authors have determined the true activation 
energy of dehydrogenation of ethyl alcohol which was the same as the value now found by us (12.8 kcal/mole), 
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TABLE 3 TABLE 4 


Dehydrogenation of C,HsOH on Cu. Volume of Dehydrogenation of Isopropyl Alcohol on Cu, 
Catalyst 4 ml; FlowRate 0,126 ml/min; Ay = Volume of Catalyst 4 ml; Flow Rate 0.164 ml/min; 
= 11.25 ml/min- ml of Catalyst; z + 23 = 1.21; A, = 12.07 ml/min- ml of Catalyst; z, + zg = 0.96; 
€ = 12,800 cal/mole; ky = 6.65+10°; €/log € = 10,700 cal/mole; ky = 1.89+10°, € /log 
kp = 2.2-10° Kp = 2.03+10° 
Expt. | T Vins 18 2 Expt. | 7 E 
No, °C ml/min = No, ml/min 
248 
4.40] 4.40 | 1.18 . 
| | sian tin | | ie: BE. 
1 | 210 | 9.48] 2.37 | 2.64 | 4.61 
3 20 | 787) | 123 1.07 5 | 215 | 10.73] 2:68 | 3:07 | 2-91 
i 247 9.37 | 2.34 2.67 2.67 2 223 41.67 | 2.92 3.34 3.34 
4 | 232 | 44:77] 3:69 | 3.97 | 4:16 
7 | 242 47:171 4.29 | 5.28 | 5.22 
TABLE 5 TABLE 6 
' Dehydrogenation of Benzyl Alcohol on Cu. Volume Dehydrogenation of Cyclohexanol on Cu. Volume 
| of Catalyst 4 ml; Flow Rate 0.21 mY min; Ay = of Catalyst 4 ml; Flow Rate 0.21 ml/min; A, = 
i = 11.37 ml/min+ ml of Catalyst; z + zg = 1.87; = 11.37 ml/min: ml of Catalyst; z, + zg = 1.70; 
1 € = 12,300 cal/mole; ky = 2.92°10°; € /log kg = €= 11,100 cal/mole; kp = 3.34+10°; €/log Ky = 
= 2,25°10° = 2.01-10° 
8 
E Vv 5 o 
4 7.66} 1.92 | 2.25 | 2.2h 
ae. 7 | 198 | 7.44] 1.86 | 219 | 2.2 
3 42 6.30 | 41.58 1.79 1.73 3 249 10.17 | 2.55 3.03 3.03 
h 259 7.36 | 4.84 2.17 ‘2.47 5 214 10.87 | 2.72 3.40 3.39 
5 262 | 9.2%] 2.32 | 2.83 | 2.70 
4 274 | 10.90] 2-73 | 3.43 3.42 ica | 


The data obtained indicate that the structure of the hydrocarbon radical of the alcohol has little 
effect on the value of the activation energy of dehydrogenation on the given metallic copper catalyst. 
Even radicals as different with respect to their nature as the phenyl and methyl radicals in ethyl and benzyl 
alcohols have no significant effect. The fact that the nature of the hydrocarbon radical has no little 
effect on the activation energy appears to provide a confirmation of the multiplet theory, the explanation 
being that the influence of the extraneous substituent manifests itself to a nearly equal extent [17] in the 
strength of the interatomic bond within the molecule, which is ruptured in the course of the reaction, as well 
as in the nature of the bond between the atoms of the reacting molecule and the atoms of the catalyst. 


M. V. Lomonosov State University Received December 6, 1956 
Moscow 
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ON CERTAIN REGULARITIES OF DIFFUSION BURNING OF LIQUIDS 


V. I. Blinov and G. N. Khudyakov 


(Presented by Academician G, M. Krzhizhanovsky, November 16, 1956) 


An investigation of the burning of gasoline,kerosene, Diesel oil, solar oil and a number of other petroleum 
products in containers having different diameters enabled us to establish a number of important relationships 
for this type of diffusion burning of liquids. 


1. In Fig. 1 are shown photographs of flames of gasoline burning in cylindrical containers having 
diameters of 1.1, 3, 15, 30 and 130 cm, From these photographs it is evident that with increasing diameter 
of the container the shape and structure of the flame undergo fundamental change. In the container with a 
diameter of 1.1 cm the gasoline flame has a conical shape which does not change with time. As the diameter 
of the burner increases, the flames of petroleum products begin to pulsate with a maximum frequency of 
approxirnately 18-20 cycles/sec, With further increase of the diameter the pulsation frequency of the flame 
decreases, Fora diameter of d = 3 cm the upper part of the flame becomes unstable, With increasing d the 
boundary of the unstable part is displaced downwards, For d = 15 cm the whole flame assumes fanciful, 
rapidly changing contours, In the case of gasoline burning in the container with a diameter of 130 cm, irregular 
turbulent movements are clearly seen in the flame. A similar state of affairs can be observed in the burning 
of other liquids. 


Fig. 1. Gasoline: a) d= 1.1 cm; b) 3.0 cm; c) 15 cm; d) 30.0 cm; e) 130.0 cm. 
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2. The burning of a liquid is, in fact, the combustion of the current of its vapor. In Table 1 are shown 
the Reynold’s numbers Re) for vapor currents of some of the petroleum products investigated. The values given 
have been calculated from the experimental data. It will be seen from the table that for containers having 
small diameters, the Reynold’s numbers are small, Beginning with diameters d>8 cm Re increases rapidly 
with increasing diameter, and for containers with diameters of 130 cm,Re is large and exceeds its critical 
value. 


The photographs and the data in Table 1 show that the burning of liquids in containers is characterized 
by two regimes: the laminar regime — in the case of liquids burning in containers having small diameters, 
and the turbulent regime — for fuels burning in containers having diameters greater than 1 m. 


3. From Table 1 it will be seen that for all the fuels investigated the relationship v(d) is the same, 
and is similar to that found for aviation gasoline and describedin{[1]. At first the velocity c decreases with 
increasing diameter of the container and tends toward a certain limiting value; for d>10 cm, v increases 
with increasing diameter, and for values of d greater than 1m it remains practically constant with varying d. 
Thus the entire range investigated can be divided into three segions each of which is characterized by a 
specific relationship v (d). 


From the Reynold’s numbers corresponding to different values of d and from the photographs of the flames 
it is possible to conclude that the first of these regions is the region of laminar burning, the third one is the 
region of turbulent burning, while the second region is one in which transition from the laminar to the turbulent 
regime takes place. 


4, The variation of v as a function of d in the region of laminar burning can be expressed sufficiently 
accurately by the formula v = a+ bd, where a and b are constants depending on the nature of the liquid 
only. The constant a (a = v for d = @) is equal to 1.4 for aviation gas, 1.1 for tractor kerosene, 0.9 for 
household kerosene, 0.5 for solar oil, 0.8 for Diesel oil and 0.5 mm/min for transformer oil. The corresponding 
values of the index n are; 1.73, 1.61, 1.51, 1.54, 1.31 and 1.5. 


Simple calculation shows that the decrease in the specific velocity of laminar burning of liquids with 
increasing diameter of the container is mainly due to a relative decrease in the amount of heat received by 
the fuel from the flame through the wall of the container, 


5. Thedatain Table 1 show that in the case of laminar burning the ratio of the volume of fuel(Q) 
burnt per unit time, to the height of the flame(6) is independent of the diameter of the container and, 
consequently, the quantity u = Q/éd which characterizes the burning velocity, ascribed to unit surface area 
of the flame, varies directly as 1/d, 


These results are easily explained. In actual fact, during laminar burning of the unmixed gases the 
height of the flame (1, 2] 50 w#/D, where wis the rate of flow of the burning gas and D the coefficient of 
diffusion of oxygen. If the densities of the vapor and of the liquid are denoted, respectively, by py and p, 
then wpy = vpe Since Q = nwd?/4 = Vp P/4 py, we find, on substituting the latter result into the expression for 
§ that for laminar burning of a given fuel Q/6 = const, u = const/d. 


6. From the experimental data given in Table 1 it follows that the specific turbulent burning velocity 
of liquids is practically independent of d; for an 18 fold increase (from 1,3 to 22.9 m) in the diameter 
of the container the burning velocity ofaviation gas and kerosene hardly changed (the variations indicated 
are within the limits of experimental error), This fact leads us to an interesting conclusion. 


It is obvious that the rate of vaporization and, therefore, the burning velocity, is determined by the 
amount of heat q received by the liquid from the flame per unit time [3]. But q = qy + @+ q3 where qi, ® 
and qgare the amounts of heat transferred to the liquid, respectively, through the wall, by conduction and by 
radiation from the flame. In the case of combustion in containers having diameters creater than 1 m the 
quantities q; and q are small by comparison with q3. Thus, the constancy of v in turbulent burning show that 


the amount of radiation energy received by 1 cm® of the surface of the liquid in unit time is independent 
of d. 


7. The data in Table 1 show that the relative height of the flame §/d in the turbulent regime is 
independent of the diameter of the container. This result is easy to explain, if we assume (as is often done) 


242 


yorrasey om Aq peystiqnd wep wioy WI EZ JO JOIOWETP IM 10} 


one 
i=) 


sr] N 
88 
NHSS 


Ons 


[10 


0 
90° 


OO 


De) 


[eserd 


w 


wD 


28S an Sas 


N 
N 
=“ 


L 
60°0 
80°0 
van 


OO 


Nt OOO 
mooce 
N 


. 


MHOKRS 


OO O 
| 
| 


. 


N 
N 
= 


aaSuS ~ 


aonpoid 


UID UT ‘p 


T 


= 
% 
= mum no 

N N 

or 

GP) ~ 

g 
S ants e S05 
ens 
- 
= 
3 
| 
Ve) 
& 
| 


that in the turbulent regime the coefficient of diffusion D s wd s vd, But 6 & w@/D, and therefore § wd, 


In conclusion the authors wish to express their gratitude to L. A, Volodina and A, A. Koryakina for their 
assistance in the experimental work. 


G. M, Krzhizhanovsky Power Institute Received May 25, 1956 
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ZERO POINTS OF DILUTE SODIUM AMALGAMS 


V. A. Smirnov and L, I, Antropov 


(Communicated by Academician A, N, Frumkin, October 4, 1956) 


During the last decade there has been growing recognition of the importance of the potential of zero 
charge, or the so-called zero point of metals (\4eEq = 9) in various electrochemical processes [1-6]. In 
this connection it appeared to us of interest to determine the zero points of dilute amalgams, many of which 
have found application in the reduction of inorganic and organic compounds [7-9]. Up to the present only 
amalgams of Thallium[10] and cadmium [11] in aqueous solutions have been investigated in this respect. In 
the present paper we describe the results of determinations of zero points of dilute sodium amalgams. 


Pressure 


Fig. 1. Apparatus for the determination of zero points 
of amalgams by the drop-weight method, 


The determination of zero points of amalgams 
of alkali metals is difficult because they undergo, 
comparatively easily,oxidation and rapid decomposi- 
tion by aqueous solutions of electrolytes. In addition, 
exchange currents between the amalgams and solu- 
tions containing ions of the corresponding metal are 
usually Jarge, In order to produce observable dis- 
placements of the potential from its equilibrium or 
stationary value,it is therefore necessary to use 
comparatively large currents which, however, may 
give rise to a change in the composition of the 
surface layer of the amalgam and to distorted results. 


In the present investigation the amalgams were, 
immediately after their preparation, transferred into 
a special vessel filled with hydrogen* in order to 
reduce the possibility of their oxidation; samples of 
the amalgam required for the experiments were taken 
immediately prior to the actual determination, 


In order to reduce errors due to aging and 


polarization resulting from high concentrations, the method chosen for recording the electrocapillary curves 

was the drop-weight method which ensures a continuous regeneration of the surface of the amalgam, The 

usual procedure adopted in drop-weight methods [12] was somewhat modified and the apparatus used was 

that shown diagrammatically in Fig. 1. For the sake of rapidity in each determination the drops were suspended 
directly in the solution by means of a torsion balance, The required dropping rate was fixed by means of 
capillaries having different diameters at the orifice and by setting the pressure to a suitable value controlled 

by means of a mercury monometer, The capillary and the reservoir above it, having a total capacity of 

about 10 ml, were filled with the amalgam to be investigated. Before the actual measurements were under- 
taken electrolytic hydrogen was passed through the solution of the electrolyte used for a period of 3-4 hours. 


* The amalgams and the hydrogen were prepared by electrolysis. 
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The current was then switched on; mercury placed on the bottom of the electrolytic cell served as the second 
electrode.* 


When the potential of the dropping electrode reached a given value the weight of the known number of 
drops was determined, the drops being collected in a small glass cup secured by means of a glass fiber to the 
wire of the torsion balance. The differences between the results of individual experiments carried out under 
these conditions did fot exceed 0.5%. The control curves recorded for mercury in 1.0 N NaOH and in 1.0 N 
H,SO, did not differ from the usual electrocapillary curves and thus provided a confirmation of the reliability 


of the method, 

The electrocapillary curves recorded for amalgams 
mg in 1,0 N NaOH are plotted in Fig. 2, They exhibit a distinct 
125+ maximum which should correspond to the potential of zero 

2 charge of the amalgams of the given composition.** The 
100\- displacement of the maximum with changing composition of 
/ the amalgam is a regular one. 
75} 3 In Table 1 are given the zero points of all the amalgams 
a investigated and the zero points of pure sodium, calculated 
50+ by means of the electron work function [13, 14], as well as 
the values of the relative decrease of the surface tension of 
the amalgams by reference to that of mercury, calculated 
ay from the ratio of the weight of a known number of drops of 
the amalgam to the weight of the same number of drops of 


1 
-45 -16 -{7 Vv mercury. 


From these data it follows that both the potential of 
zero charge of the amalgams and their surface tension vary 
most within the concentration limits of 0 and 0,0001 mole 
Fig. 2. Electrocapiliary curves for sodium fractions Na in the amalgam; with further increase in the con- 

: centration of sodium up to the point where the composition 
amalgams. Mole fraction Na; 1) 0.000126; A 
2) 0.000783; 3) 0.0174 corresponds to the transition from liquid to solid amalgams, 
i ; : ; these characteristics change little, A similar relationship 
was observed earlier by a number of authors for the boundaries amalgam-solution [15] and amalgam-vacuum 
(16, 17). 


Within the concentration range investigated the potential of zero charge varies linearly with the 
logarithm of the mole fraction of sodium in the amalgam (Fig. 3). This relationship may be expressed by 
the empirical equation 


Na (Hg)Eg~o blog (1) 


On substituting numerical values we obtain the equation 


Na (Hg)Eg=o = — 1.90 + 0.053 lozNna. (la) 


All the reagents used were purified beforehand: mercury — by the usual chemical method followed 

by two vacuum distillations; sulfuric acid — by electrolysis using a Hg-cathode and a Pt-anode; sodium 
hydroxide was prepared free from carbonates; the solutions were prepared with water purified by two disillations. 
** The displacement of the potential from the zero point of the amalgam toward larger positive values at 
first gives rise to a decrease in the weight of the drops; subsequently it causes their weight to increase and pass 
through a second maximum at a potential close to the zero point of mercury. 
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TABLE 


Mole fraction Na in amalgam 


0,00 | 0.00867 | 0.017 | 0.058 | 


—0.24 | —1.69| —1.73 | —1.78 —1.81 —1.82| ~2.25 —2.15 


1.0 0.60} 0,48} 0.39 


Amalgams with lower sodium concentrations have not 
been investigated in the present work, but data on differences 
of contact potentials obtained by O, Chaltykyan and M, 
Proskurnin [18] and plotted in Fig, 3 indicate that there is a 
sharp increase in the slope of the semilogarithmic curve in 
the range of lower concentrations, 


The quantity a represents the zero point for Ny, = 1, 
and should, consequently, correspond to the potential of zero 
charge of sodium. The numerical value of a differs from the 
40 calculated zero point by 0.25-0.35 v. The extrapolated 
log “va ———~ value of Naéq =o = Olies on the positive side of the calculated 
zero points of the pure metal. The reasons for these divergencies 
are not entirely clear and we can only limit ourselves to certain 
assumptions. In the first place-it is improbable that the potential 
Fiy. 3. Relationship between zero points and of zero charge varies uniformly over the whole range of concen- 
the logarithm of mole fraction Na in the trations in accordance with Equation (1), because mercury arid 
amalgam, 1) experimental points; 2) points sodium are capable of forming a number of binary compounds 
calculated from contact differences of with each other [19] This circumstance is not accounted for 
potentials. in Equation (1). In addition, in the case of amalgams of high 
sodium content it is necessary to use activities, and not con- 
centrations; the available values of the former are, however, not sufficiently reliable, Secondly, it must be 
borne in mind that the surface concentration of the metal may differ considerably from its bulk concentration, 
partly because it is impossible to overcome entirely the concentration gradient caused by the passage of the 
current, Since in the case of sodium amalgams the equilibrium or stationary potentials lie on the negative 
side of the corresponding zero points, the latter can be investigated only in the presence of anodic polarization. 
As a result of the impoverishment of the surface layer of the amalgam,the concentration of sodium in this layer 
is found to be lower than that in the starting amalgam. It is clear that in this case extrapolation of the relation 


Na(Hg} q = o~ 108 NNa to log Nna = 0 the value of NaFg = 0 obtained is slightly displaced to the positive 
with respect to its true value. 


The variation of the zero points of sodium amalgams with their composition established above is of the 
same nature as the variation of the equilibrium potentials, For this reason the difference between the potential 
of zero charge and the equilibrium potential remains approximately constant throughout the process of decomposi- 
tion of the amalgam. As this difference determines the conditions of adsorption or organic and inorganic 
substances on the surface of the amalgam, the fact that it remains constant in the course of the decomposition 
of the amalgam ensures that the surface concentration of substances undergoing reduction remains the same. 
This, apparently, is the reason why specific end products of reduction are obtained when using sodium amalgam, 
irrespective of variations in its composition and potential in the course of decomposition, 


The sharp change of the zero point of mercury on passing to dilute sodium amalgams would lead us to 
assume that similar variations might be observed in the case of zero points of metals forming surface compounds 
with sodium (lead, tin etc.) [20] in the course of electrolysis in alkaline solutions. This circumstance may, 
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evidently, exert a definite influence on the course of electrochemical hydrogenation processes in alkaline 
solutions, 


S. Ordzhonikidze Polytechnical Institute, Received September 17, 1956 
Novocherkassk 
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ON THE POSSIBILITY OF COMPLETE X-RAY PARTICLE SIZE ANALYSIS 
OF GRAPHITE POWDERS AND COLLOIDAL PREPARATIONS 


L. A. Feigin and V. N. Rozhansky 


(Presented by Academician P. A. Rebinder, November 6, 1956) 


The development of x-ray methods of determination of the particle size distribution of solids has been 
going on for some 30 years. Using these methods it is possible, as a rule, to estimate only the mean dimensions 
of the monocrystal particle, the basis of the estimation being the so-called "width" of the diffraction line. 

In recent years some authors (1, 2, 7] have demonstrated the fundamental possibility of finding the distribution 
function of the dimensions of crystallites by making use of the shape of the diffraction line on x-ray powder 
photographs, This method is based on the harmonic analysis of the intensity of reflection of the diffracted 

rays and makes it possible to estimate separately lattice stresses and particle dimensions for crystals of any 
symmetry whatever [3]. 


If micro-stresses are absent from the crystal lattice, the intensity of the hkl reflection, I(@), may be 
expressed in the form of the Fourier integral: 


+o 
1 (6) = h(n) dn, 


where n is a parameter related linearly to the particle dimension, @ is the diffraction angle, and w a variable 
in the mirror space. 


The function h(n) is related to the particle size distribution curve g(M) by the expression: 


h(n) = K \ (M—|n|)g(M)dM. 


Differentiating (2) with respect to n we obtain: 


dh 
— = K \ e(myam; (3) 


i.e., the first derivative, dh/dn, gives an integral, while the second derivative, #h/dn’, gives a differential 
distribution function, In this way we obtain complete information on the particle size distribution of the sample. 
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Fig. 1. The function h(n) of the line 
(1122) for ground graphite powders: 
a) experimental points, b) points 
calculated by Formula (5). 
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Fig. 2, lntegral curve of particle 
size distribution in graphite after 
15 hours grinding in a vibration 
mill, The values plotted have 
been calculated for the line (1122). 
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Fig. 3. Differential particle size 
distribution curves for graphic 
powders, a) 5 hours" grinding, b) 

15 hours" grinding. The functions 
have been obtained assuming normal 
logarithmic distribution having the 
parameters dotermined from the 
experiment, The values plotted 
have been calculated for the line 
(1122), 


By investigating various other reflections we may obtain, in addition, 
information on the shape of the crystallites. 


In actual practice, however, this method meets with considera - 
ble difficulties. Thus, in the case of metals — and it is in the analysis 
of metals that the method has been used up to the present — it be- 
comes necessary to differentiate between the effect due to a given 
particle size distribution and that due to micro-stresses on the diffuse 
appearance of the lines, and this is not always possible. In practice 
it has thus far not been possible to establish the distribution function 
by this method. It may, however, be assumed that in the case of 
brittle solids diffusion of the lines due to micro-stresses should be 
absent. This assumption considerably simplifies the investigation 
of the particle size distribution of such samples. 


We have made an attempt to determine the particle size 
distribution function for highly disperse graphitic systems. This 
problem arose in connection with the introduction into industrial 
practice of new types of colloidal graphite preparations prepared 
by mechanical dispersion of graphite powder in a vibration mill 
(4]. By varying the grinding time we were able to obtain graphite 
preparations of a very wide range of particle sizes, It is of interest 
to mention that after prolonged grinding up to 30 hours, the usually 
inert graphite is obtained in a highly disperse state in which it 
resembles soot, and on being taken out of the vibration mill it 
undergoes spontaneous heating in air up to a temperature of about 
700°. 


As is well known, graphite can easily be broken up along the 
planes of cleavage without substantial distortion of the lattice. 
The forces of adhesion between atoms situated in the base plane 
are very large and for this reason graphite is often included among 
valence crystals (of the diamond type). Graphite can be flaked in 
the plane perpendicular to the base plane, the flakes being disrupted 
in a manner similar to that of brittle solids, but without serious 
distortion of the crystal structure, It is therefore natural to expect 
that mechanical dispersion of graphite will not give rise to the 
appearance of micro-stresses to any noticeable extent, and this 
result is borne out by experiment. 


The true shape of the line was determined by the objective 
method of Stokes [5] which consists of comparing by harmonic analysis 
the intensities of lines obtained under identical conditions for a 
sample of sufficiently large crystal size (macrocrystalline etalon) 
with those obtained for the sample examined, The etalon used 
was unground graphite powder, This method furnishes directly the 
Fourier coefficients of the true profile of the line. Such a trans- 
formation can be effected with sufficient accuracy only when the 
line produced by the sample is considerably wider than that obtained 
for the etalon. In order to reduce the line width obtained by the 
instrument the prepared samples were thin (0.25 mm in diameter), 
the diaphragms used were narrow (0.2 to 0.25 mm in diameter), 
and the photographs were taken in cameras of fairly large diameters 
(86 or 114 mm); the wavelength of the x-rays chosen was such that 
the lines required were obtained at angles (@) of approximately 45° 
(at these angles diffusion of the lines disappears as a result of the 
finite height of the sample). The subsequent treatment of the x-ray 
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photographs was carried out under strictly standard conditions, The photographs were carefully evaluated 
by a photometric method, taking into account the blackening curve. 


Harmonic analysis was carried out for the lines 1120 and 1122 (these being most suitable for photometric 
evaluation and for determination of particle shape) of x-ray photographs of graphite powders of different 
degrees of dispersion. The curves representing the Fourier coefficients as functions of the parameter n which 
is proportional to the dimension of the crystallites, were found to be similar to the theoretical curves calculated 
for the case when lattice stresses are absent (Fig. 1). To find the integral. particle size distribution function it 
is sufficient to differentiate the function h(n) determined by experiment (Fig. 2). The accuracy attained by 
such procedure cannot, of course, be very high and the curve can be plotted only within a narrow range of 
particle size (in our case for powders obtained after 15-20 hours’ grinding in the vibration mill). 


The accuracy can be increased,and the particle size range over which it is possible to determine the 
distribution curve can be widened only if we introduce specific assumptions regarding the nature of the given 
particle size distribution, A.N. Kolmogorov [6] showed that the distribution particle size of powders formed 
by the grinding process given obeys normal logarithmic law of the form 


where x is the particle size, € and o are distribution constants, There are grounds to believe that the 
systems investigated by us do in fact follow such a normal logarithmic distribution. In this case the problem 
reduces to finding the median € and the dispersion o from the experimental curve. Substituting the expression 
for the distribution function into Equation (2) we obtain: 


h(x) = h 0) — 2) — (n), 


1 


dz, 


In the case of a normal logarithmic distribution the following relationships hold good; 


where X is the mean dimension and x2 the mean square dimension. 


The values of x and x* are easily found from the experimental curve h(x) [1]. The values of the median 
& and of the dispersion o are then found from the relations (6). The curves h(n) calculated with these parameters 
using Formula (5) are sufficiently close to those obtained by experiment (see Fig.1); this result may be taken 
as an experimental confirmation of the possibility of using the normal logarithmic law to describe the particle 
size distribution of graphite. By introducing this assumption it was possible to extend the range of particle 
size distributions for which full distribution curve can be obtained, to larger particle dimensions (Fig.3). 


(4) 
(5) 
where 
co 
i= ing, O@)= 
q - 
(6) 
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Examination of lines with other indices makes it possible, in addition, to estimate the shape of the 
crystallites. Proceeding in this way it was found that the graphite particles could be represented in the shape 
of discs having heights several times smaller than their diameters, 


Determinations of the specific surface by low-temperature adsorption of nitrogen by the method of 
Brunnauer, Emmet and Teller are in satisfactory agreement with data obtained by means of x-ray photographs. 
This appears to indicate that in our samples the regions of coherent dispersion are apparently identified with 
those graphite particles the size of which is determined by nitrogen adsorption. 


The authors wish to express their sincere gratitude to Academician P, A. Rebinder and Prof. A. I. 
Kitaigorodsky for their criticisms and valuable advice. 
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KINETICS OF THE PHYSICAL ADSORPTION OF 
ETHYLENE FROM MIXTURES 


A.V. Alekseeva and K., A. Golbert 
(Presented by Academician M. M. Dubinin, November 5, 1956) 


Recently, processes whose rates are determined by diffusion inside granules have acquired more and more 
significance. However, the field of internal diffusion kinetics has been insufficiently developed, both theoreti- 
cally and experimentally. Only in the last two years has there appeared systematic work on the internal diffusion 
kinetics of the adsorption of a single substance [1-3].* In particular, there are no data in the literature on the 


rate of absorption of ethylene from a mixed gas stream in spite of the fact that such data are very important for 
the development of adsorption methods for the separation and analysis of hydrocarbon gases, 


In the present work was studied the rate of adsorption of ethylene from its mixtures with Hz, Ng and CH, 
on AG-2 brand industrial carbon. The selection of the system was made in connection with the development 
of the technology of the separation of ethylene from gas mixtures with a low content of the desired component; 
however, the method developed and the results of the investigation have a more general value. 


For this investigation, a differential method for measuring the kinetics of the adsorption of mixtures 
was specially developed,** since use of earlier methods would not permit obtaining data in a form convenient 
for treatment owing to the dependence of the internal diffusion coefficient on composition of the adsorbate. 
The principle of this method consists of passing a mixture of a given composition through an adsorption cell 
containing a thin layer of adsorbent until equilibrium is established. Then, a second mixture differing, but 
close in composition to the first, is passed through the cell over a precisely fixed time. The change in the 
amounts of adsorption of the components is calculated from data from chemical analysis of the mixture desorbed 
from the carbon. Desorption is carried out by pumping the adsorbent, heated to 200°, with a Teoppler pump. 
Such an experimental arrangement involves only a small change in the internal diffusion coefficient during 
the course of the adsorption and a practically linear relationship between the changes in the amounts of adsorp- 
tion, a, and the concentration, c, in the gas phase. 


The value of the degree of exhaustion of the granule is calculated from the equation 


F 
agp 


where ag and ag, are the amounts of ethylene adsorbed at equilibrium with mixtures over the concentration 


interval investigated; a is the amount of ethylene adsorbed during a given contact time with the mixture of 
higher ethylene content. 


* References to previous work are given in these articles. 


** This method was developed in 1953, prior to the publication of the article by Carman [1], in which was 


described a method for measuring the adsorption kinetics of a single substance, this method being based on 
an analogous principle. 
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For the measurements of the adsorption kinetics of the mixtures, we constructed a special apparatus having 
a low dead space in the adsorption cell, which guaranteed identical flow conditions around the granules of short 
and long layers of adsorbent. The basic part of the apparatus — the adsorption cell — consisted of two large-bore 
stopcocks joined by a short glass tube not longer than 1.5 cm. This tube and the stopcock bore were of almost 
equal internal diameter, 1.4 cm. Perpendicular to the main passage in each stopcock, there was a unilateral 
bore of small diameter for pumping off the mixture from the main bores with the stopcocks closed. The 
adsorbent was placed in the tube of the cell between two screens and layers of inert packing, the granules of 
which were identical in form and dimensions with those of the adsorbent. There was an electric coil on the 
tube of the cell. The use of a special grease, blended from lithium stearate and high-boiling distillates from 
aviation oils, together with the passage of cold water through the stopcock plugs prevented softening and 
dropping of the grease on the adsorbent. The mixtures used in the work were prepared from gases purified with 
carbon and by two-fold recondensation. The narrow intervals of adsorption, Aa, and concentration, Ac, of 


ethylene over which the measurements were carried out varied from 0.7 to 4.5 std. cc/g and from 0.1 to 6. 4% 
respectively. 


71) = The usual equation for the internal diffusion 

Pal kinetics of the adsorption of a single substance with a 

eo constant diffusion coefficient was used for processing the 

08 J oa data. That this equation could be used followed from 

r Ri : the entire aggregate of data obtained in the present 

7 work, In particular, it was found that: 1) the rate of 
ethylene adsorption did not depend on gas flow rate 

(the rate was varied by a factor of two, from 1.85 to 

3.70 liters/minute-sq. cm.; 2) in the initial stages of 

the adsorption process, there was a linear/ relationship 

between the degree of exhaustion of the granule and the 

square root of the time of contact of the gas mixture with 

the adsorbent; 3) the adsorption and desorption ate curves 

02 ‘ agreed, with indicates that the diffusion coefficient was 

practically constant within the interval investated; 4) 

the presence of the second component did not appreciably 


S 
> 


+ eo 


0 lower the ethylene adsorption, and the amount of the 
02 Vio pn, WE a6 as second component displaced by the ethylene was insignifi- 
cant in comparison to the amount of ethylene adsorption. 
Fig. 1. a) CgHg— Hy; b) CzHy— CHyg; c) Calculation of the internal diffusion coefficients, 
c) CyHg— N2; curve — theoretical data. D, was carried out by means of a theoretical curve 


showing the degree of exhaustion of the granule, F, as 
a function of the Fourier number, Fo = Dt/R’, which we calculated for the case of diffusion in cylindrical 
granules of radius R and length 21 for a fixed value of the simptex of the form s = R/1 of 0,308. Deviations 
of the experimental values of D fer various contact times from the average values were not systematic and 
did not exceed the error of the measurements (10%). Then, from the average values of D were calculated 
values of the Fourier number at various loadings of the adsorption volume. Figure 1 shows that the experimental 
data for all systems satisfactoyily fitted the theoretical dimensionless curve of F — Fo. Values of the Biot 
number, Bi = g'R/DG, calculated from the experimental data, were in the range of 60 to 190 for all systems 
investigated, All this confirms the internal diffusion character of the kinetics of the adsorption of ethylene 
from the systems investigated and the applicability of the simple internal diffusion equation with constant 
coefficient for describing the experimental data. The data obtained on the dependence of the internal diffusion 


coefficient on amount of ethylene adsorbed, the nature of the second component, the porosity of the adsorbent, 
and temperature are presented in Figure 


In all of the systems investigated, the values of the internal diffusion coefficients increased sharply with 
an increase in the amount of adsorbed ethylene. For the systems nitrogen-ethylene and methane-ethylene, 
there was a linear dependence over the entire range of amounts adsorbed; for the system hydrogen-ethylene, 
the linear nature of the relationship was retained if the curve was divided into two parts. 
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The strong dependence of the coefficient of internal diffusion on composition can occur with any kind 
of transport of the substance into the granule. Actually, for surface diffusion, D= D™ exp(—jA/RT), where 
D® is a preexponential constant; « is a constant; A is the adsorption potential, which depends considerably 
on the amount of adsorption. On migration of the substance into the pore volume, D = D/G, where D is 
the coefficient of volume or molecular diffusion; G=4 a/d c, a variable parameter usually greatly dependent 
on the amount of adsorption. Moreover, in the case of molecular diffusion, D also depends on the degree of 
filling of the surface, since pores of different dimensions are responsible for a different amount of adsorption. 
Hence, it follows that only for the case of volume diffusion is the product DG independent of the amount of 
adsorption. Calailations showed that, in the region investigated, DG decreased with 35-40% filling of the 
surface. Thus, although DG is variable, it changes more slowlythan D. This indicates that in the process 
of transport of ethylene into the carbon granule, along with volume diffusion, there is alsc a substantial amount 
of molecular and/or surface diffusion. 


Activation energies of the diffusion process calculated from experimental data in the temperature ranges 
25-50° and 25-75° at adsorptions of 5.10 and 6,78 std. cc/g were 5100 and 5500 ca 1 /mole, respectively, 
while the heats of adsorption were 5600 and 5200 cal /mole. The closeness of these values indicates the 
significant role of volume and/or molecular diffusion in the process of transfer of ethylene into the adsorbent. 
The slight dependence of DG on temperature also indicates the essential role of volume and/or molecular 
diffusion in this process. Actually,in the ranges of 25-75° and 25-50° DG only changed from 0.78-10~ to 0.67 
‘10 sq. cm./second. 


It was found that the value of the internal diffusion coefficient materially depended on porosity. For 
samples of AG~-2 carbon with bulk densities of 0.675 (A) and 0.540 (B), which differed from each other in 
total pore volume by 30% and in the volumes of macro-, micro-, and transitional pores by 22.44 and 34%, the 
diffusion coefficients were, respectively, 3.70-1075 and 8.9:10 > cm?/second. This difference in the values 
of the internal diffusion coefficient cannot be explained by a change in the coefficient G, since the product 
DG also changes from 0.46-10 * to 1.37°10 cm*/second. Such a strong dependence on porosity can occur 
if molecular diffusion plays a basic role in the transport of the substance inside the granule. 


The effect of the second component on the internal diffusion coefficient is clearly apparent over the 
entire range of ethylene adsorption investigated, Only at low filling of the adsorption volume (2.5 std. cc/g) 
was there no essential difference in the internal diffusion coefficients, But even in a region of average filling 
of the surface (12.6 std. cc/g), the ratio of D in the H, system to D in the N;, CHy, and A systems was, 
respectively, 1.5, 1.6, and 3,5, while the ratio for these systems was, respectively, 2.8, 3.7, and 4,5, This 
shows that volume diffusion, along with one or both of the other forms of transport, plays an essential role 
in the transport of ethylene, 
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Fig. 2, a) CpHg— Hg; b) Ng; c) — CHy; d) Ar 
at 25°; e) and f) CgHy—CHyg at 50 and 75°, respectively; g) and 
h) CgH4~ Ng at 25° oven carbon A and carbon B, respectively. 
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From the material presented above it follows that, within the frameworks of the usual representations of 
the process of the migration of ethylene inside a granule, there is a superimposing of three forms of transfer: 
volume, molecular, and surface diffusion, with the latter playing a secondary role. However, it should be noted 
that the process of ethylene migration inside a granule cannot be completely described only on the basis of the 
usual concepts of volume and molecular diffusion since analysis of the absolute values of the experimental coef- 
ficients of internal diffusion (~ 104-3075 and of the DG products (~ 5°1073 -107? cm*/second) 
leads either to improbably small values of the effective cross section and coefficient of winding (in the case of 
the assumption of volume diffusion) or to values of the pore radius comparable to molecular dimensions — of the 
order of tens of angstroms (in the case of molecular diffusion). 


From the internal diffusion nature of adsorption kinetics, established in this work, flows a number of 
important practical conclusions relative to the effect of different parameters on separation processes in moving 
or stationary layers and also relative to the requirements of the adsorbent. The numerical characteristics 
obtained in the present work permit the carrying out of calculations on the dynamics of the adsorption of ethyl- 
ene. 
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KINETICS OF THE THERMAL DECOMPOSITION AND STRUCTURAL 
TRANSFORMATIONS OF FOSSIL COALS 


V.I. Kasatochkin and Z. S. Smutkina 


(Presented by Academician V, A. Kargin, November 24, 1956) 


The process of the thermal decomposition of fossil coals is characterized by a number of distinguishing 
traits which can be attributed to peculiarities of the chemical structure of the organic material of the coal, 
The coal material, which we visualize as aromatic carbon lattices spatially interconnected by side chains [1], 
combine in their structure a relatively inert, nuclear (carbon lattice) part and a reactive, peripherial (side 
chain) part [2]. This peculiarity of structure could explain the generally observed two stages of primary and 
secondary decomposition which differ sharply in nature, In the primary decomposition stage, which takes place 
rapidly at a relatively low temperature, the bulk of the volatile matter is liberated, chiefly by reactions in 
which the side chains are destroyed. Chemical change of the nuclear part of the structure is observed in the 
later stage of secondary decomposition. During this, intense growth of the carbon lattice takes place, as is 
well illustrated by x-ray methods (see Figure 2), According to this picture of the decomposition, the carbon 
lattices of the original coal material remain in the solid product (coke), and are centers of two-dimensional 
crystallization of the carbon during carbonization of the organic material of the coal, 


20 25 hours 


Fig. 1. Kinetic curves of the decomposition, Left figure — yield of volatile matter: 
a) shale, b) boghead, c) brown coal, d) long-flame, e) gas, f) coking. Right figure — 
rate of yield of volatile matter: a) 500°, coking coal; b) 450°, long-flame coal; 

c) 500°, long-flame coal. 
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Fig. 2. Ia and Ib — interplanar regularity curves a) 500°, b) 425°; II — growth 
of the carbon lattice, 500° 


In the present work, a comparative study was made of the kinetics of the thermal decomposition of the 
vitrainized material of Donets coals of different metamorphic states, the structure of which is characterized 
by an atomic carbon lattice, and of the organic material of bituminous shales (Estonian) and boghead (Olenek), 
which do not have carbon lattices [3]. The structural transformations of the coal material were also studied 
using x-rays and infrared spectroscopy. 


TABLE 1 The decompositions were carried out in a stream 
of nitrogen at constant temperature using small, weighed 
portions, and the kinetics were measured by means of the 
loss in mass. In order to introduce a correction for the 
nonisothermal conditions at the beginning of the de- 
composition, special experiments were carried out in 
which the course of the temperature during heating was 


14679.2 | 0. 28276 .8 measured by means of a thermocouple buried in the 
14352.8 | 0. 37170,4 


23488.4 | 0. 41002.4 samples. 


16962.4 | 0. 13795 .2 
21855410. 145616 In Figure 1 are presented curves showing the yield 


31967.6 | 0. 22295 .6 of volatile matter, v/V9, and the rate of elimination of 

39470 .2 33338 .4 1 Ay 

39469 6 volatile matter, vy. Areas functions of the time in the furnace 
o Ot 


Brown coal Pte : o's where vo is the limiting yield of volatile matter deter- 


32620.0 | 0. 13038.8 mined by the standard method). With respect.to the 
Long -flamé 7176.4 | 0. 7664.0 primary decomposition process, the metamorphic series 
coal 18267.2 | 0. 8813.6 of coals can be arranged in a regular succession depending 
37513.0 9963.2 
: ; 48776.8 on Vo, which reflects the change in the chemtcal nature 
—— 3914.4 3832.0 of the side chains in the structure of the coal material 
15331.4 | 0. 14944.8 during metamorphism (igure 1). Brown coal is a member 
29889 .6 of this succession. Shales and boghead are exceptions, 
and this is connected with qualitative differences existing 
between the chemical structure of their organic material 
According the data of A, Shapatina, and that of coal. At: tong holding in the furnace, 
V. V. Kalyuzhny and Z, F. Chukhanov [4]. maximum rates of elimination of volatile matter are 
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observed in the kinetic curves, these maxima corresponding to the secondary decomposition process (Figure 1). 
The distribution of the maxima with time depends on the stage of metamorphism of the coal and on the tempera- 
ture. At relatively low temperatures (300-350°), the unimolecular specific rates of liberation of volatile matter 
for the fossil coals, calculated taking into account the non-isothermal condition at the beginning of the decom- 
position, in contrast to those for shales and boghead, have a high value and decrease sharply with an increase 

in the degree of decomposition, « = v/vg. Values of the apparent activation energies (Table 1) for the fossil 
coals are very low, 4000-7000 cal /mole, at low degrees of decomposition, which indicates the catalytic nature 
of the process. The observed rapid increase in activation energy in relation to a for the low temperature de- 
composition of coals is connected, as might be supposed, with the selectivity of the process of the primary 
destruction of the coal material, during which are successively split off the different atomic groupings according 
to increasing thermal stability. With an increase in the decomposition temperature, there is observed a more 
sloping course of the increase in activation energy in relation to a, which can be attributed to less selectivity 
of the processes of primary destruction in accordance with the concept of the inclusion of parallel reactions 

with higher activation energies [5]. 


An x-ray investigation of the structural transformations of 
the coal material during thermal decomposition was carried out 
on a series of solid decomposition residues from coking coal which 
were obtained at different furnace times under the conditions 
described above. The x-ray powder photographs were taken with 
filtered iron radiation using a cylindrical camera of ordinary 
radius, In Figure 2 is shown the dependence of the angular half 
breadth of the (002) interference band (Curves Ia and Ib) on the 
degree of decomposition of coking coal at constant temperature, 
which expresses the change in interlattice regularity [1]. The 
observed changes in regularity are connected with processes of 
the primary destruction of side chains and with the freeing of 
structural units, individual carbon lattices with side chains, which, 
acquiring mobility during the transition into the liquid-flowing 
state, attempt to decompose parallel to each other under the 
influence of the molecular force field. Curve II depicts the 
course of the changes in linear dimensions of the carbon lattices, 
calculated from the half breadth of the second interference 
band from the (100) plane. The sharp increase in lattice dimen- 
sions observed at high degrees of decomposition corresponds to 
the secondary decomposition process and serves as a kinetic 
characteristic of the structural transformations of the nuclear 
part of the solid decomposition residue. The x-ray curves of 
lattice regularity and growth illustrate the differentiation with 
respect to time of the processes of destruction and joining in 
the peripheral part of the structure of the coal material and 
also of the processes of chemical change of the nuclear part of 
the structure. 


The infrared absorption spectra of the solid decomposition 
residues at varying stages of decomposition under isothermal] 
conditions were obtained by us in the region from 5.7 to 10 
with an IKS-11 infrared spectrograph with an NaCl prism; these 
Fig. 3. Infrared absorption spectra of the curves characterize the essential changes in the atomic groupings 
solid products of the decomposition of of the coal material. The samples for spectroscopic investigation 
long-flame coal; a) original coal; b) were prepared as pastes in paraffin oil. In Figure 3 are presented 
a = 0.024; c) a = 0.13; d) a = 0.29; e) the transmission curves for the solid decomposition residues from 
a = 0.79; f) a = 0.97 long-flame coal. The regular changes in the position and in- 

intensity of the absorption bands in relation to the degree of de- 
composition indicate the relatively low thermal] stability of the aromatic ethers (9.7 » band) in comparison 
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with aliphatic (8.5 4) and cyclic (9.2 4) ethers. Oxygen connected directly with the carbon lattice in the 
form of phenoxy groups is eliminated only during secondary decomposition, which is accompanied by the 
disappearance of the 6.2 » band. The appearance of a band at 6.41 at relatively low degrees of decomposition 


is apparently a consequence of the destruction of radicals existing as links between the carbon lattices in the 
coal material. 


The appearance of a band at 6.0» indicates the accumulation of unsaturated C = C bonds in the solid 
residues. It is possible that the accumulation of unsaturated bonds athigh degrees of decomposition is connected 
with processes providing for subsequent intense growth of the carbon lattices through their union. 
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THERMODYNAMICS OF THE HYDROCHLORINATION OF PROPYLENE 


S. G. Entelis and N. M. Chirkov 
(Presented by Academician V. N. Kondratyev, November 24, 1956) 


The hydrochlorination of propylene 
+ HCl = iso-C3H,Cl 


is a reversible reaction, but direct determinations of the equilibrium constant and the heat of reaction have 
not been made, 


From various tables of data, the heats of formation, AH 908 of propylene, hydrogen chloride, and 
isopropyl chloride are, respectively, +4879 cal /mole [1], -22063 cal /mole [2], and —31000 cal /mole [3], 
and the entropies, Sovss , are, respectively, +63.8 ca] /mole degree [1], 44.62 cal /molesdegree [2], and 72.4 
cal /mole*degree [3]. Hence the heat of reaction and entropy change are AHp = 13816 cal./mole and 
ASp = 36.02 cal, /mole/degree, 


Consequently: 


C3H, + HCl = u-C,H,Cl (1) 


is a reversible reaction, but direct determination of the equilibrium constant and the heat of reaction have not 
been made. 


bork ang The heat of reaction was found experimentally by 


Values of ap and a4, in Experiments on the Tomsen [4] to be AHp = —11960 cal/mole. 
Hydrochlorination of Propylene in the Presence 


i ts, th ili bri tudied b 
of HyPO, with 72% POs In our experimen e equ um was studied by 


means of pressure in a static apparatus (we used the same 
apparatus as in our previous work [5]) at temperatures of 
100, 120, 140, 160, and 180°C; the catalyst was ortho- 
phosphoric acid with 72%P,Og., Equilibrium was app- 
roached both from the HCl and CsHgside and from the 
i-C3H;Cl side. Attainment of equilibrium by the system 
was determined by the complete cessation of pressure 
change. In those cases where the reaction did not go to 
completion, the equilibrium pressure was found by extra- 
polation to zero rate of the pressure-reaction rate curve, 
Generally, the error introduced was very small, 


P 
(CsH 
| mm 


o| 
8 | mm Hg 


Before carrying out the measurements, it was found that, under our conditions, i-CgH7C1 was the only 
product of the reaction, For this purpose, a quantity.of the product of the reaction between HCl and CjHg 


sufficient for distillation was obtained in a flow apparatus in the presence of the catalyst— phosphoric acid— 
at 100°C. Distillation of the dry product in a column with 16 theoretical plates showed that all of the product 
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fa 
: 
Ot, 
70 50 50 | 0.380 = 
70 100 100 0.322 aS 
70 200 200 | 0.512 as 
70 300 300 0.788 a 
100 200 200 |-0.326 
160 200 200 0.475 oe 
180 | 200 200 | 0.456 


distilled in the range 33.3-34,5° C and had nb 1.3810 (according to the literature ny 1.3811 and b.p. 34,8°C). 


Since the observations on the course of the reaction were carried out by the change in pressure of the 
system, Ap, it was necessary to establish preliminarily the relationship between Ap and the extent of the 
reaction, a. A series of experiments was carried out in which, along with Ap, the change in the amount of 


HC] (AN) in the system was analyzed acidimetrically. In Table 1 are presented values of a, = A 


/ Pp and 


a. = AN/No, where po and Ng are, respectively, the initial pressure and the initial amount o Hcl the 


system. 


2 


Relative pressure of i-Cs3H7Cl 


729 160 min, 


Fig. 1. Kinetic curves of the synthesis (1) 
and decomposition (2) of isopropyl chloride 
in the presence of orthophosphoric acid 
(72% P2O5). Amount of acid 1.2 g (based 
on 100% H,PO,), reactor volume 404.2 cc. 


TABLE 2 


Equilibrium Constants, Kp» for the Reaction 
C3Hg + HCI = i-C3H,Cl 


Kp» 


atm“! 


As seen from Table 1, in all of the cases cited 
there was satisfactory agreement between Op and a. 


In order to show that the equilibrium studied is a 
true equilibrium and did not involve the existence of a 
kinetically limited phenomenon, it was necessary to 
approach the equilibrium from both the synthesis and 
the decomposition sides, 


In Figure 1 are presented the kinetic curves of the 
synthesis (1) and the decomposition (2) ef isopropyl 
chloride at 160° C, the coordinates being the pressure 
of the i-C,H7Cl in the reaction mixture, and time. For 
convenience in comparing Curves 1 and 2, the pressure 
is expressed in relative units based on the initial 
pressure of the i-C,H7Cl in the decomposition reaction. 


The initial pressure of the i-C,H7Cl in the de- 
composition reaction was 200 mm Hg, while in the 
synthesis reaction the HCl and C,Hg, taken in a 1:1 ratio, 
had a total pressure of 400 mm Hg. It is obvious that 
with the attainment of true thermodynamic equilibrium, 
in both cases the composition of the equilibrium mixtures 
must be the same. As seen from Figure 1, both curves 
reach equilibrium at the same composition of the 
HCl — C3Hg — i-C3H7Cl mixture. 


The equilibrium constants of the reactions, plotted 
as Curves 1 and 2 in Figure 1, were of nearly the same 
value, 13.1 and 13.5 atm , respectively. In Table 2 
are presented the experimentally obtained values of 

= P i-CsHyCl . 

PHCI 


The data of Table 2 are plotted in Figure 2 as log 
Kp vs. 1/T. From the slope of the curve, the heat of the 
reaction is AHp = ~ 13800 + 300 cal /mole, Knowing 
AHp and Kp, it is possible to find the change in entropy 
for the reaction: ASp = —27,0 + 0.7 cal/mole/degree; 
where, for the equilibrium constant in the temperature 
range 100-180°C we obtain the equation: 


2.3R lg Kp = 13800/T — 27.0. (2) 


| 
Kp | rT. °c | = 
atm of Kp 
100 |151.0 {154.0 14.6 
13.8 
| 129 | 31-8 58.8 6.5 
| 13-5 
25.4 14.3 12.6 
440 | 27.4 25.8 13.8* 
24.4 40.7 
6.4 43.5" 
180 | } 5.9 
12.6 
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As seen, the heat of reaction found by us agrees well with the 
value AH = — 13816 cal /mole calculated from the literature 
data; however, ASp differs considerably from the calculated value 
= ~ 36.02 cal /mole/degree. The difference in temperature 
cannot explain the discrepancy of 9 entropy units in the value of ASp. 
Although the values of Cp are unknown for the substances participating 
in the reaction of interest to us, the order of the change in éntropy 
with temperature can be seen from the hydrochlorination of ethylene. 
The change in heat capacity during the reaction is 


160 #0 120 100°C = Coon, “ona ™ 

= — 2.37 cal./mole - degree 
1000 

Tabs 


(calculated from the data of [2]); whence from the well-known formula, 
Fig. 2. Temperature dependence 


of the equilibrium constant Kp 
atm*“!, for the reaction + 


© ASRp = ASR — 2.3: 2.37 


As seen from the equation, a change in temperature from 298.2 to 453° K causes a change in ASp of 
only 0.98 cal /mole/degree. 


TABLE 3 


Values of &g for the Hydrochlorination of Propylene 


T — 70°C, 775 T = 100° C, Kp = 151atm™ T = 120° C, Kp 59.5 atnt® 


50 100 200 250 | 50 100 200 500 50 100 200 500 


0.88 0.94 0.93 0.94 | 0.63 0.80 0.84 0.90 0.61 0.70 0.77 0,84 


For clarity, we present in Table 3 the values of the maximum depths of conversion ag = Apg/Po, 
where Ap, is the maximum change in pressure during the reaction in mm Hg, and pg is the initial 


partial pressure of one of the components in a 1:1 mixturein Hg. The values of ag were calculated by 
the equation: 


p Po” 


It is seen from Table 3 that reversibility begins to be substantial only at 120° C; at 100° C and, even 
more, at 70° C, the reversibility is small. 


Institute of Chemical Physics 


Received November 6, 1956 
Academy of Sciences USSR 


* The value of Kpat 70° C was calculated by Equation (2). 


20 
16 
12 
= 
: 
a 
= 
Po MM 
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